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Abstract
In this project we study the phenomenology of models where the Higgs is a bound
state of a strongly interacting dynamics at the TeV scale and we assess the LHC
potential to discover new heavy colored states. In the first part of the thesis we
analyze the bounds on the spectrum of Composite Higgs Models (CHM) that come
from flavor observables. In the second part we propose a novel strategy to discover
a heavy gluon (G∗) and heavy fermions at the LHC. We do so by means of simple
two-site effective Lagrangians, which could also be used in further phenomenological
studies on CHM.
From the analysis of the bounds on the CHM spectrum, we derive an important
constraint on the masses of the heavy fermions which does not depend on the flavor
structure of the sector beyond the SM. This bound is obtained from the infrared
contribution to b → sγ induced by the flavor-conserving effective vertex WtRbR.
We find that the presence of a custodial symmetry can play a role in protecting
this effective coupling. Studying the heavy colored vectors phenomenology, we find
that heavy composite fermions have a great impact on the phenomenology of heavy
composite gluon at the LHC. If the composite gluon is heavier than the composite
fermions, as flavor observables seem to suggest, the search in the channels where G∗
decays into one heavy fermion plus its Standard Model partner is very promising,
with the possibility for both the G∗ and heavy fermions to be discovered at the early
stage of the LHC. These channels offer also the possibility to extract important
information on model’s parameters, such as the top degree of compositeness.
v
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Chapter 1
Introduction
The Standard Model (SM) of particle physics gives a very economical description
of the spontaneous breaking of the electroweak symmetry, but it does not explain
its origin. In fact, there are several arguments which suggest to go beyond the
electroweak symmetry breaking (EWSB) mechanism of the Standard Model. The
main argument is that of the excessive fine-tuning in the Higgs mass (hierarchy
problem): the Higgs mass parameter receives large radiative corrections, the largest
one from the top quark, that make unnatural the Higgs mass stabilization at the
electro-weak scale v ≈ 246 GeV, if we admit the validity of the theory up to scales
higher than the TeV.
A possible solution, besides Supersymmetry, is based on an analogy with the pion
mass stabilization in QCD: the Higgs, similarly to the pion, might be a composite
state, generated by a new strong dynamics; as such, its mass is not sensitive to
radiative corrections above the compositeness scale, assumed to be of the order of
the TeV scale. A further protection, that allows the Higgs to be naturally lighter
than the other resonances, exists if the composite Higgs is also the pseudo-Goldstone
boson of a spontaneously broken global symmetry [1]. A pseudo-Goldstone boson
Higgs is expected to be light and as such in agreement with the indication from the
LEP electroweak precision data (EWPD). The new strong dynamics could be also
realized by the bulk of an extra dimension. Indeed the composite Higgs scenario is
related via the AdS/CFT correspondence [2] to the Randall Sundrum framework of
a warped extra dimension [3].
New fermions and new gauge bosons, partners of the SM ones, are expected to
emerge from the strong sector at approximately the TeV scale, as suggested by the
naturalness principle (indeed, the partner sector, in particular the top one, operates
in the radiative correction to the Higgs mass, stabilizing it). The Large Hadron
Collider (LHC), by probing the TeV energy range, will be able to test the EWSB
mechanism and produce these new states. The aim of this project is studying
the phenomenology of Composite Higgs Models (CHM) and the LHC potential to
discover these new states. In this thesis we will reconsider the bounds on the CHM
spectrum that come from flavor observables, with a special focus to b→ sγ. Guided
by the results of this analysis, we will consider the implication of such bounds on
the phenomenology of these models at the LHC and we design a new strategy for
discovering the heavy colored resonances which appear in the spectrum.
Instead of considering a full theory we will work in an effective description valid at
1
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low energy. In particular, we will refer to a “two-site” (TS) description [4, 5], where
two sectors, the weakly-coupled sector of the elementary fields and the composite
sector, that comprises the Higgs, are linearly coupled each other through mass mixing
terms [6]. After diagonalization the elementary/composite basis rotates to the mass
eigenstate one, made up of SM and heavy states that are admixture of elementary
and composite modes. Heavier particles have larger degrees of compositeness: heavy
SM particles, like the top, are more composite while the light ones are almost
elementary. In these theories the Higgs arises as a fully composite state and so it
interacts with the SM and heavy particles only via their composite components. This
can explain, if the right-handed bottom quark has a small degree of compositeness,
the small ratio between the bottom and the top quark masses.
The model has to be compatible with the experimental data, in particular the LEP
precision data suggest the presence of a custodial symmetry in the composite sector
to avoid large corrections to the ρ parameter. The absence of large Flavor-Changing
Neutral Currents is achieved, instead, by a sort of GIM mechanism, that naturally
emerges when the connection between the elementary and the strong sector proceeds
via linear couplings. In absence of a symmetry protection, the LEP data also point
toward a small degree of compositeness of the left-handed bottom quark (small
corrections to Zb¯LbL), and, by gauge invariance, of the left-handed top as well. This
implies that, in order to obtain a heavy enough top quark, it is necessary to have an
almost fully composite right-handed top quark. It has been shown, however, that
the corrections to Zb¯LbL can be suppressed if the custodial symmetry of the strong
sector includes a Left-Right parity [9]. This can allow for a smaller right-handed top
compositeness.
In order to study the phenomenology at energies lower than the compositeness scale,
we derive two different models, which we denote as TS5 and TS10. They describe
the low-energy regime of the Minimal Composite Higgs Models (MCHM) defined in
Ref. [7, 8], in the limit in which only the leading terms in an expansion in powers of
the Higgs field are retained 1. In MCHM the Higgs arises as the pseudo-Goldstone
boson associated to the SO(5) → O(4) breaking in the composite sector; where
O(4) includes SO(4) ∼ SU(2)L × SU(2)R as well as a parity PLR which exchanges
SU(2)L with SU(2)R. Composite fermions are embedded in a 5 = (2, 2) + (1, 1)
representation of SO(5) in the TS5 model and in a 10 = (2, 2) + (1, 3) + (3, 1) in the
TS10. In both the cases we consider, for the analysis at the LHC, the presence of a
PLR symmetry protection to the ZbLb¯L coupling.
We find two important bounds on the masses of the heavy fermions which do
not depend on the flavor structure of the sector beyond the SM (BSM). The first
comes from the measurement of the ZbLb¯L coupling, that we already mentioned and
that can be suppressed assuming a PLR symmetry. The second is obtained from
the infrared (IR) contribution to b→ sγ induced by the flavor conserving effective
vertex WtRbR. In composite Higgs models there are two classes of effects that lead
to a shift of the b→ sγ decaying rate compared to the SM prediction: loops of heavy
fermion resonances from the strong sector give a ultraviolet (UV) local contribution;
they generate, at the compositeness scale, the flavor-violating dipole operators O7
1see Ref. [11], for two- and three-site effective theories where the full Higgs non-linearities are
included.
3and O′7, which define the effective Hamiltonian for the b→ sγ decay.
The virtual exchange of heavy resonances also generates the effective V+A interac-
tion of the W boson and the SM quarks, WtRbR, which in turn leads to a shift to
b→ sγ via a loop of SM particles. This latter IR contribution is enhanced by a chiral
factor mt/mb and, since in this case the flavor violation comes entirely from the SM
V-A current, t¯LγµsL, it gives a Minimal Flavor Violating (MFV) lower bound on
the heavy fermion masses.
We also discuss the role of a parity PC , which is a subgroup of the custodial SU(2)V ,
to protect the effective coupling WbRtR, which is generated by the W , tR and bR
interactions with the composite sector.
In general, stronger bounds can be obtained from the UV CHM contribution
to b→ sγ and from ′/K [20]; however, these latter bounds are model dependent
and in principle could be loosened by acting on the NP flavor structure. The bound
from the IR contribution to b→ sγ, on the other hand, is robust, since it is a MFV
effect. As such it cannot be ignored in a phenomenological study on heavy fermions.
In the second part of the thesis we perform a study of the LHC discovery reach
on a heavy gluon (G∗) and heavy fermions (top and bottom excitations), coming
from a new composite sector. The heavy partner of the gluon has a large degree of
compositeness and, as a consequence, it has larger couplings to the heavier particles
(which are also those with larger degrees of compositeness). We find that heavy
fermion resonances have a great impact on the composite gluon phenomenology: the
G∗ phenomenology is strongly dependent on the ratio between G∗ mass and heavy
fermions mass, MG∗/m∗; according to its value we can distinguish three scenarios
with different phenomenological implications for the G∗ search at the LHC. In the
scenario where the G∗ is below the threshold for the production of a heavy fermion
(MG∗ < m∗), in general G∗ decays preferentially to top pairs. In this case the signal
is pp→ G∗ → tt¯ and it is affected by a huge and difficult to reduce QCD background,
pp → g → tt¯, that makes the G∗ discovery at the LHC particularly challenging.
However, the study in Ref. [30], by exploiting peculiarities of the signal, such as
the large invariant mass of the tt¯ pairs and a Left-Right asymmetry, shows that the
discovery of a G∗ lighter than ∼ 4 TeV is possible at 14 TeV LHC, with 100 fb−1.
If G∗ is heavier than fermionic resonances, the Branching Ratios for the G∗ decays
into one heavy fermion (χ) plus its Standard Model partner (ψ) become relevant
and they also increase in the case of a not fully composite right-handed top. The
analysis we perform considering these decay channels is very promising since the
presence of heavy fermion resonances in the signal allows for a clean distinction
between the signal and the background. We point out that there is also a third
pessimistic scenario, corresponding to the case of a very heavy G∗, with a mass
greater than heavy fermion pairs. In this case the G∗ total decay width becomes
too large (O(TeV)) to distinguish its resonance from the background.
In our analysis we consider the channels where G∗ decays into one heavy fermion
plus its Standard Model partner. The search in these channels is very promising,
with the possibility for both the G∗ and heavy fermions discovery at the early stage
of the LHC. These channels offer also the possibility to extract important information
on the parameters of the model, such as the top degree of compositeness.
4 1. Introduction
Most of the results we will show in the first part of the thesis are also discussed
in [56], those in the second part have been presented in [57,58]. The importance of
the heavy-light channels in the search for heavy colored vectors at the LHC has also
been pointed out in Ref. [59], which appeared after completion of this work.
Chapter 2
Composite Higgs Models
The idea behind Composite Higgs Models is that the Electro Weak Symmetry
Breaking may be triggered by a new strong dynamics, in analogy with the chiral
symmetry breaking in QCD. In these theories a new strong sector couples to a
weakly coupled sector, which coincides with that of the Standard Model without the
Higgs. The Higgs, as the pion in QCD, is a composite state coming from the latter
strong dynamics. Its composite nature allows for a solution to the hierarchy problem.
Indeed, its mass is not sensitive to radiative corrections above the compositeness
scale, assumed to be of the order of the TeV.The EWSB is transmitted to SM
fermions by means of linear couplings [6] (generated by some UV physics at the UV
scale ΛUV ) between elementary fermions ψ and composite fermions
∆L = λψ¯O + h.c. (2.1)
This way to communicate the EWSB can give a natural explanation of the hierarchies
in the quark masses (through RG evolution of the composite-elementary couplings
λi) and avoid the tension which occurs when trying to generate large enough quark
masses and, at the same time, suppressing FCNC processes1.
As a consequence of linear couplings a scenario of Partial Compositeness of the SM
particles emerges. At energies below the compositeness scale a composite operator O
can excite from the vacuum a tower of composite fermions of increasing mass. Linear
couplings (2.1) thus turn into mass mixing terms between elementary fermions and
towers of composite fermions χn
〈0|O|χn〉 = ∆n Lmix =
∑
n
∆n
(
ψ¯χn + h.c.
)
. (2.2)
L = Lel + Lcom + Lmix (2.3)
Because of the mass mixing terms the physical eigenstates, made up of SM and
(new) heavy states, are admixture of elementary and composite modes.
The low-energy phenomenology of such theories can be exhaustively studied, and
calculation can be made easier, by considering a truncation of each tower of composite
fermions to the first resonance, while other heavy states are neglected [4]. For example,
the effective Lagrangian describing one elementary chiral field ψL and its composite
partner χ is
∆L = ψ¯Li6∂ψL + χ¯(i6∂ −m∗)χ−∆Lψ¯LχR + h.c. . (2.4)
1Tension that instead affects Technicolor and Extended Technicolor Models.
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6 2. Composite Higgs Models
We can rotate the fermions from the elementary/composite basis to the mass
eigenstate one, the light(SM)/heavy basis, according to:
tanϕL =
∆L
m∗
{
|light〉 = cosϕL|ψL〉 − sinϕL|χL〉
|heavy〉 = sinϕL|ψL〉+ cosϕL|χL〉 (2.5)
Our eigenstate fields are thus a heavy fermion of mass m =
√
m2∗ + ∆2L and a
light fermion, to be identified with the SM field, that will acquire a mass after the
EWSB. These fields, as we see, are superpositions of elementary and composite
states. The angle ϕL parametrizes the degree of compositeness of the physical fields.
In particular, the SM fermion has a sinϕL ≡ ∆L√
m2∗+∆2L
degree of compositeness (and
a cosϕL ≡ m∗√
m2∗+∆2L
degree of elementarity); the mass mixing parameter ∆L can
be naturally much smaller than the mass m∗ of the composite fermion2, therefore,
SM fermions are in general mostly elementary with a small degree of compositeness,
while heavy fermions are mostly composite with a small degree of elementarity. We
have a similar rotation, with angle ϕR, in the case of right-handed fermions. SM
fermions acquire a mass after the EWSB; since the origin of this breaking resides,
by assumption, in the composite sector (the Higgs is a fully composite state), the
SM fermion mass arises from the composite part of left-handed and right-handed
SM fields:
mψ = Y∗
v√
2
sinϕL sinϕR, (2.6)
where Y∗ is a Yukawa coupling among composites, from which the SM Yukawa
y = Y∗ sinϕL sinϕR originates. In the following we will assume that the strong
sector is flavor anarchic, so that there is no large hierarchy between elements within
each matrix Y∗ and the hierarchy in the masses and mixings of the SM quarks
comes entirely from the hierarchy in the elementary/composite mixing angles (such
‘anarchic scenario’ has been extensively studied in the framework of 5D warped
models, see Refs. [14–18]). From (2.6) we can see that heavier SM particles have
larger degrees of compositeness: heavy SM particles, like the top, have to be quite
composite while the light ones are almost elementary.
There are also elementary/composite mixings for the vector fields (similarly to the
ρ-photon mixing in QCD):
Lvectmix =
M2∗
2
(
ρµ − gel
g∗
Aµ
)2
. (2.7)
Bosons rotate from the elementary/composite basis to the physical light/heavy basis
according to
tan θ = gel
g∗
{
Aµ = cos θAelµ + sin θρcomµ
ρµ = − sin θAelµ + cos θρcomµ . (2.8)
We have the following relations among SM coupling and elementary/composite
couplings:
gSM = g∗ sin θ gSM = gel cos θ . (2.9)
2As a result of RG evolution above the compositeness scale. The smallness of ∆ parameters also
allows for a sort of GIM mechanism that suppresses large Flavor-Changing Neutral Currents [10].
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In particular, the SM gluon and the heavy gluon G∗ have the following superpositions
with elementary and composite modes:
tan θ3 =
gel3
g∗3
{
gµ = cos θ3gelµ + sin θ3G∗comµ
G∗µ = − sin θ3gelµ + cos θ3G∗comµ . (2.10)
√
4piαS = gS = g∗3 sin θ3 = gel3 cos θ3 ' gel3 . (2.11)
Experimental data give hints on the type of the new strong dynamics responsible for
the EWSB. The LEP precision data suggest the presence of a custodial symmetry
in the composite sector to avoid large corrections to the ρ parameter. In order to
protect ρ (or equivalently the Peskin-Takeuchi T parameter) the composite sector
must respect, minimally, a global symmetry:
SU(2)L × SU(2)R × U(1)X ,
where SU(2)L × SU(2)R is broken to the diagonal SU(2)V after the EWSB; the
unbroken SU(2)V invariance acts as a custodial symmetry so that ρ = 1 at tree
level.
Composite gauge bosons gauge the group:
SU(3)C × SU(2)L × SU(2)R × U(1)X .
The SM electroweak group SU(2)L × U(1)Y can be embedded into SU(2)L ×
SU(2)R × U(1)X , so that hypercharge is realized as Y = T 3R +X. The Composite
Higgs transforms as a bidoublet (2, 2) under SU(2)L×SU(2)R, H ≡ (H,Hc), where
H is the Composite Higgs doublet and Hc = iσ2H∗ is its conjugate. The H VEV
breaks the SU(2)L× SU(2)R ×U(1)X group down to SU(2)V ×U(1)X and leads to
the EWSB ((SU(2)V ×U(1)X)∩(SU(2)L ×U(1)Y ) is broken to U(1)em). Therefore,
we have the following relation among charges:
Q = T 3L + T 3R +X = T 3L + Y . (2.12)
This scheme can also results from models where the Higgs arises as the pseudo-
Goldstone boson associated to a SO(5) → SO(4) ∼ SU(2)L × SU(2)R breaking
in the composite sector; or to a SO(5) → O(4) breaking, where O(4) includes
SO(4) ∼ SU(2)L × SU(2)R as well as a parity PLR which exchanges SU(2)L with
SU(2)R. This enhanced custodial symmetry can suppress the corrections to the
coupling Zb¯LbL, which are strongly constrained by LEP data [9].
2.1 PLR and PC symmetries
In MCHM [7] the Higgs arises as the pseudo-Goldstone boson associated to the
SO(5) → O(4) breaking in the composite sector; where the enhanced custodial
symmetry O(4) includes SO(4) ∼ SU(2)L × SU(2)R as well as a parity PLR which
exchanges SU(2)L with SU(2)R. As shown in [9], this PLR parity, as well as the PC
symmetry, subgroup of the custodial O(4), can protect the coupling Zb¯LbL against
large corrections from the composite sector.
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Each composite operator has a definite left and right isospin quantum number,
TL,R, and a 3rd component, T 3L,R. We can also univocally assign to each SM field
definite quantum numbers, TL,R, T 3L,R, corresponding to those of the composite
operator to which it couples. PLR and PC are symmetries of the composite sector,
PLR exchanges SU(2)L with SU(2)R and PC is the subgroup of SU(2)V that
transforms
∣∣TL, TR;T 3L, T 3R〉 → ∣∣TL, TR;−T 3L,−T 3R〉 (SO(3) vectors transform with
PC = diag(1,−1,−1)). For PLR (PC) to be a symmetry also of the interacting terms
between SM fields and composite operators, ∆L = λψ¯O+ h.c., the SM fields ψ have
to be eigenstates of PLR (PC). This implies:
TL = TR (T 3L = T 3R) (PLR invariance) (2.13)
T 3L = T 3R = 0 (PC invariance) . (2.14)
If the above formulas hold, we can see that the coupling Zψψ¯,
gψ =
g
cos θW
(Q3L −Q sin2 θW ) , (2.15)
is protected against large corrections. Indeed, the electric charge Q is conserved
and the charge of the SU(2)L 3rd component, Q3L, is conserved by custodial in-
variance plus PLR symmetry and by PC symmetry. By custodial U(1)V invariance,
δQ3V = δQ3R + δQ3L = 0; if there is also a PLR invariance, δQ3R = δQ3L, therefore
δQ3L = 0. The same conservation, δQ3L = 0, is obtained by PC invariance: the SM
W 3L has an odd parity under PC , W 3L → −W 3L; if ψ is a PC eigenstate it must have
T 3L = T 3R = 0, then the current ψ¯γµψ is even under PC and it cannot couple to W 3L,
which is odd.
We will show (sec. 3.1.2) that the PC symmetry can also protect in a similar way
the effective coupling WtRbR and, as a consequence, it can be responsible for an
attenuation of the bound on heavy fermion masses, coming from the process b→ sγ.
In what follows we will present the Two-Site models, TS5 and TS10, which
incorporate a custodial symmetry and a PLR parity.
2.2 TS5
In the TS5 model, we consider composite fermions embedded into fundamentals
52/3 (−1/3) of SO(5) × U(1)X , that decompose as 52/3 (−1/3) = (2,2)2/3 (−1/3) ⊕
(1,1)2/3 (−1/3) under SU(2)L × SU(2)R × U(1)X . We refer to this field content, at
lower energy, in the composite sector:
Q2/3 =
[
T T5/3
B T2/3
]
= (2, 2)2/3 , T˜ = (1, 1)2/3
Q′−1/3 =
[
B−1/3 T ′
B−4/3 B′
]
= (2, 2)−1/3 , B˜ = (1, 1)−1/3
H =
[
φ†0 φ
+
−φ− φ0
]
= (2, 2)0
(2.16)
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We are thus introducing two classes of composite fermions, those filling a 52/3
representation, with X charge X = 2/3 and those in a 5−1/3, with X = −1/3. We
want to consider, indeed, the possibility that the SM quark doublet (tL, bL) couples
to two different BSM operators, Q2/3 and Q′−1/3, the first responsible for generating
the top mass, the second for generating the bottom mass. (tL, bL) is linearly coupled
to (T,B) through a mass mixing term we call ∆L1 and to (T ′, B′) through a mass
mixing term ∆L2. tR and bR couple respectively to T˜ , through a mass mixing term
∆R1, and to B˜, through a mass mixing term ∆R2. The fermionic Lagrangian reads,
in the elementary/composite basis:
L = q¯iLi 6∂qiL + u¯iRi 6∂uiR + d¯iRi 6∂diR
+ Tr
{
Q¯ (i 6∂ −MQ∗)Q
}
+ ¯˜T
(
i 6∂ −MT˜∗
)
T˜ + Y∗UTr
{
Q¯H
}
T˜
+ Tr
{
Q¯′ (i 6∂ −MQ′∗)Q′}+ ¯˜B (i 6∂ −MB˜∗) B˜ + Y∗DTr {Q¯′H} B˜
−∆L1q¯3L (T,B)−∆R1t¯RT˜ −∆L2q¯3L
(
T ′, B′
)−∆R2b¯RB˜ + h.c. .
(2.17)
where the superscript i runs over the three SM families (i= 1, 2, 3), with q3L ≡ (tL, bL),
u3 ≡ tR, d3 ≡ bR. By construction, the elementary fields couple to the composite
ones only through the mass mixing terms, shown in the last row of (2.17). This
implies that the SM Yukawa couplings arise only through the coupling of the Higgs
to the composite fermions and their mixings to the elementary fermions. We further
assume that the strong sector is flavor anarchic, so that the hierarchy in the masses
and mixings of the SM quarks comes from the hierarchy in the mixing parameters
∆iL,R. In this case the mixing parameters of the light elementary quarks can be safely
neglected and one can focus on just the third generation of composite fermions. 3
As a consequence of the elementary/composite mass mixings, the top and the bottom
masses arise, after the EWSB, from the Yukawa terms in the Lagrangian (2.17),
Y∗UTr
{
Q¯H
}
T˜ and Y∗DTr
{
Q¯′H
}
B˜. The top mass will be proportional to ∆L1∆R1
and the bottom mass to ∆L2∆R2. The small ratio between the bottom and the
top quark masses can be thus obtained both for ∆L2  ∆L1 (∆R2 ∼ ∆R1) and for
∆R2  ∆R1 (∆L2 ∼ ∆L1).
For tR, bR and their excited states the rotation from the elementary/composite basis
to the mass eigenstate one, the SM/heavy basis, is given by:
tanϕR =
∆R1
MT˜∗
sR ≡ sinϕR cR ≡ cosϕR
tanϕbR =
∆R2
MB˜∗
sbR ≡ sinϕbR cbR ≡ cosϕbR{
tR = cRtelR − sRT˜ comR
T˜R = sRtelR + cRT˜ comR
{
bR = cbRbelR − sbRB˜comR
B˜R = sbRbelR + cbRB˜comR
(2.18)
An analytical diagonalization of the mixing among q3L and the corresponding excited
states is possible only if we consider simplifying assumptions. In particular, we will
3In fact, once produced, heavy fermions of the first two generations will also decay mostly to
tops and bottoms, since flavor-changing transitions are not suppressed in the strong sector, while
the couplings to the light SM quarks are extremely small, see the discussion in Ref. [4].
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consider the case where ∆L2  ∆L1, that can naturally follow, for example, from
the RG flow in the full theory [8]. The first two generations of elementary quarks do
not need a field rotation from the elementary/composite basis to the mass eigenstate
basis, since they do not mix with the composite fermions and can thus be directly
identified with the corresponding SM states.
We can see that in this model tR and bR are both PC and PLR eigenstates, since they
couple to SU(2)L× SU(2)R singlets (TL(T˜ , B˜) = TR(T˜ , B˜), T 3L(T˜ , B˜) = T 3R(T˜ , B˜) =
0). Instead, tL is a PLR eigenstate only in the limit (∆L1 = 0) in which it decouples
from T (T 3L(T ) 6= T 3R(T )). Similarly, bL is a PLR eigenstate only for ∆L2 = 0, in
which case it decouples from B′ (T 3L(B′) 6= T 3R(B′)).
So far we have made field rotations to the mass eigenstate basis before the EWSB.
After the EWSB, the SM top and bottom quarks acquire a mass, and the heavy masses
get corrections of order
(
Y∗v√
2m∗
)2
. In the following, we assume x ≡
(
Y∗v√
2m∗
)
 1 and
compute all quantities at leading order in x.
2.2.1 ∆L2  ∆L1
In this case, since ∆L2  ∆L1, bL is, approximately, a PLR eigenstate so, approxi-
mately, we have a custodial symmetry protection to ZbLb¯L.
The small ratio between the bottom and the top quark masses is obtained for
∆L2  ∆L1 (∆R2 ∼ ∆R1); we have:
mt =
v√
2
Y∗Us1sR (2.19)
mb =
v√
2
Y∗Ds2sbR , (2.20)
where s1 = sinϕL1 = ∆L1√
M2Q∗+∆
2
L1
and s2 is a rotation angle proportional to ∆L2,
s2 = ∆L2MQ′∗ cosϕL1.
The physical masses of the heavy fermions read:
MT˜ =
√
M2
T˜∗ + ∆
2
R1
MB˜ =
√
M2
B˜∗ + ∆
2
R2
MT = MB =
√
M2Q∗ + ∆2L1
MT5/3 = MT2/3 = MQ∗ = MT c1
MT ′ = MB′ =
√
M2Q′∗ + ∆2L2 'MQ′∗
MB−1/3 = MB−4/3 = MQ′∗
(2.21)
where c1 ≡ cosϕL1. Details can be found in App. A.1.
In order for the strong sector to respect the custodial invariance, as we have shown,
composite fermions have to fill multiplets of SU(2)L × SU(2)R × U(1)X . As a
consequence, the heavy partner of the SM doublet q3L = (tL, bL), Q = (T,B)
(= 21/6 under the SM electroweak group), is embedded in a larger multiplet, the
bidoublet Q2/3 = (2, 2)2/3, that includes an other doublet of heavy fermions, Q′ =
(T5/3, T2/3)(= 27/6). The heavy fermions T5/3 and T2/3 in this latter doublet are
called custodians. They share the same multiplet of the heavy partners of q3L but
they do not mix directly with the SM fermions. This implies that their masses
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tend to zero in the limit in which tL becomes fully composite (see for example the
discussion in [27]). This can be seen from eq. (2.21): MT5/3(2/3) is zero for c1 = 0,
i.e. for a fully composite tL (s1 = 1).
2.3 TS10
In TS10 we consider composite fermions embedded into a 102/3 representation of
SO(5)× U(1)X , that decomposes as 102/3 = (2,2)2/3 ⊕ (1,3)2/3 ⊕ (3,1)2/3 under
SU(2)L×SU(2)R×U(1)X . Therefore we refer to this field content in the composite
sector:
Q2/3 =
[
T T5/3
B T2/3
]
= (2, 2)2/3
Q˜2/3 =
 T˜5/3T˜
B˜
 = (1, 3)2/3 , Q˜′2/3 =
 T˜
′
5/3
T˜ ′
B˜′
 = (3, 1)2/3
H =
[
φ†0 φ
+
−φ− φ0
]
= (2, 2)0
(2.22)
and to the following fermionic Lagrangian in the elementary/composite basis:
L = q¯3Li 6∂q3L + t¯Ri 6∂tR + b¯Ri 6∂bR
+ Tr
{
Q¯ (i 6∂ −MQ∗)Q
}
+ Tr
{ ¯˜Q (i 6∂ −MQ˜∗) Q˜}+ Tr { ¯˜Q′ (i 6∂ −MQ˜∗) Q˜′}
+ Y∗Tr
{
HQ¯Q˜′
}
+ Y∗Tr
{
Q¯HQ˜
}
−∆L1q¯3L (T,B)−∆R1t¯RT˜ −∆R2b¯RB˜ + h.c. .
(2.23)
We have the following expressions for the top and bottom masses:
mt =
v
2Y∗s1sR , mb =
v√
2
Y∗s1sbR (2.24)
and for the heavy fermion physical masses:
MT˜ =
√
M2
Q˜∗ + ∆
2
R1
MB˜ =
√
M2
Q˜∗ + ∆
2
R2 = MT˜ cR/cbR 'MT˜ cR
MT˜5/3 = MT˜ ′5/3 = MT˜ ′ = MB˜′ = MT˜ cR
MT = MB =
√
M2Q∗ + ∆2L1
MT2/3 = MT5/3 = MT c1
. (2.25)
More details can be found in App. A.2.
Besides the custodians T5/3 and T2/3, which are light in the case of composite q3L,
T˜5/3 and the fermions in the Q˜′2/3 triplet become light for composite tR (also B˜
becomes light in this case).
In this model, both tR and bR are not PLR eigenstates and only tR is a PC eigenstate,
as a consequence of the couplings to Q˜ (TL(T˜ , B˜) 6= TR(T˜ , B˜); in particular, bR is
not a PC eigenstate, since T 3R(B˜) 6= 0. Instead, bL is exactly a PLR eigenstate.
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2.4 ZbLb¯L in the TS Models
Shifts in the Z coupling to bL, gLb, arise after the EWSB because of electroweak
mixings among bL and heavy fermions. There is also a contribution from the mixing
among neutral gauge bosons; however this mixing is of the order ( vM∗ )
2  1, where
M∗ stands for the heavy neutral boson mass, and we will neglect it in what follows.
In Two-Site Models without PLR symmetry there is no custodial symmetry protection
to ZbLb¯L and so the shift on gLb is large. Naive Dimensional Analysis (NDA) [12]
gives (see, for example, [19, 29]):
δgLb
gLb
∼ m
2
t
M2Q∗s
2
R
∼ Y
2∗ v2s21
M2Q∗
. (2.26)
This formula has been obtained by approximating q2 = M2Z ' 0. At q2 = M2Z the
shift receives O
(
M2Z
M2Q∗
)
corrections:
δgLb
gLb
∼ M
2
Zs
2
1
M2Q∗
∼
(
v2Y 2∗ s21
M2Q∗
)
g2
Y 2∗
. (2.27)
When compared to (2.26), there is a suppression
(
g
Y∗
)2
(see for example [13]), so we
will neglect it in the following.
LEP and SLD experiments fix an upper bound of 0.25% for the (positive) shift
in the gLb from its SM value. Therefore, from the eq. (2.26), we derive the following
bound for the heavy fermion mass in models without custodial symmetry protection
to ZbLb¯L:
MQ∗ & (3.2)
1
sR
TeV . (2.28)
In order to respect this limit without requiring too large heavy fermion masses,
that would contrast with naturalness arguments, it is necessary to have a quite
composite right-handed top (i.e., a not small sR). Instead, in models with custodial
symmetry protection to ZbLb¯L, there is no such restriction for the tR degree of
compositeness and bounds are weaker than the one in (2.28). Indeed, in the TS5
with ∆L2  ∆L1, where we have approximately a custodial symmetry protection to
ZbLb¯L (the breaking is proportional to ∆L2 and is therefore small), we obtain:
δgLb
gLb
=
(
Y∗v√
2
)2( s2cbR√
2MB˜
)2
[T 3L(B˜)− T 3L(bL)] =
1
2
m2b
M2Q∗
c4bR
s2bR
' 12
m2t
M2Q∗
s22
s2R
. (2.29)
As expected, the shift is proportional to s22 (i.e., it is proportional to ∆2L2, the size
of the custodial symmetry breaking) and it is small (notice that is also smaller than
the effect at non-zero momentum). In the TS10, we obtain, again, a small shift:
δgLb
gLb
=
(
Y∗v√
2
)2 s21
M2Q∗
[
c4bR(T 3L(B˜)− T 3L(bL)) + (T 3L(B′)− T 3L(bL))
]
=− m
2
b
M2Q∗
2− s2bR
2 ' −
m2b
M2Q∗
.
(2.30)
Despite bL is an exact PLR eigenstate in the TS10, there is still a small modification
that comes from the coupling of bR, that explicitly breaks PLR. Notice that δgLb = 0,
if we have sbR = 0.
Chapter 3
Bounds from flavor observables
3.1 Constraint from the process b→ sγ
We define, following [21], the effective Hamiltonian for b→ sγ:
Heff = −GF√2V
∗
tsVtb
[
C7(µb)O7 + C ′7(µb)O
′
7
]
, (3.1)
where O7 = e8pi2mbb¯σµνFµν(1− γ5)s and O
′
7 = e8pi2mbb¯σ
µνFµν(1 + γ5)s.
In the SM the W boson has a purely V − A interaction to the fermions and so
the contribution to the b→ sγ process has to proceed through mass insertions in
the external legs (see Fig. 3.1). The Wilson coefficient C ′7 is, therefore, negligible,
because of a suppression by a factor ms/mb in respect to the Wilson coefficient C7,
that, evaluated at the weak scale µw is [21]
CSM7 (µw) = −
1
2
[
−(8x
3
t + 5x2t − 7xt)
12(1− xt)3 +
x2t (2− 3xt)
2(1− xt)4 ln(xt)
]
, (3.2)
with xt = m
2
t
M2W
.
In composite Higgs models there are two classes of effects that lead to a shift of
the b→ sγ decaying rate compared to the Standard Model prediction. The first is
coming from loops of heavy fermion resonances from the strong sector that generate
the flavor-violating dipole operators O7, O′7 at the compositeness scale. We will
refer to this as the UV contribution. The second contribution comes from the tree
level exchange of heavy resonances, which generates an effective V+A interaction of
the Wboson and the SM quarks which in turn leads to a shift to b→ sγ via a loop
bR bL tL tL sL
γ
W
Vts
Figure 3.1. 1 loop Infrared contribution to C7 in the SM.
13
14 3. Bounds from flavor observables
bR tR tL sL
γ
W
Vts
Figure 3.2. 1 loop Infrared contribution to C7. The red blob denotes the effective coupling
WtRbR, generated from the composite sector.
of SM particles. This latter IR contribution is enhanced by a chiral factor mt/mb.
Since in this case the flavor violation can come entirely from the SM V-A current, it
gives a quite model-independent lower bound on the heavy fermion masses.
By taking into account the experimental average value for the b → sγ branching
ratio [22] and the theoretical calculation [23], we get, if the new physics contributions
to C7, CCH7 , and to C
′
7, C
′CH
7 , are considered separately, the bounds (B.1):
− 0.098 . CCH7 (m∗) . 0.028 (3.3)
|C ′CH7 (m∗)| . 0.37 , (3.4)
where m∗ stands for the mass of the heavy fermions in the loop (we take m∗ = 1
TeV).
The infrared contribution to b→ sγ from the composite Higgs model is at the weak
scale µw instead of m∗ (we take µW = MW ); therefore, we have to account for a
scaling factor
CCH7 (µw) =
[
αs(m∗)
αs(mt)
]16/21 [αs(mt)
αs(µw)
]16/23
≈ 0.79CCH7 (m∗) (3.5)
We get:
− 0.077 . CCH7 (µw) . 0.023 (3.6)
|C ′CH7 (µw)| . 0.29 (3.7)
While the infrared contribution to C7 involves a flavor-conserving operator and
brings to a MFV bound, the infrared contribution to C ′7 as well as the ultraviolet
contributions to C7 and to C
′
7 involve flavor-violating operators. As a consequence,
they will require assumptions on the flavor structure of the NP sector.
We will now evaluate the bounds on heavy masses that come from the infrared
contribution to C7. We will present first estimates of such bounds for generic
composite Higgs models, which can be obtained by NDA. Then we will calculate the
bounds for the specific two-site model TS5 and TS10, introduced in sec.s 2.2 and
2.3.
3.1.1 Infrared contribution to C7
The infrared contribution to the process b→ sγ is a one loop contribution from the
W boson accompanied by top quarks, where a mass insertion in the intermediate
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W−
bR tRB T
φ†0φ
†
0
Figure 3.3. The CHM contribution to the effective coupling WtRbR (At order
(
Y∗v√
2m∗
)2
).
top quark states is allowed by the presence of a (V +A) interaction between the W
boson and the top and bottom quarks (Fig. 3.2). This interaction originates from a
term:
L ⊃ CROR , (3.8)
where OR is the dimension-6 operator:
OR ≡ Hc†iDµHt¯RγµbR + h.c. . (3.9)
At low energy, after the EWSB, the interaction in (3.8) gives:
L ⊃ CRv
2
2
g2√
2
b¯Rγ
µtRW
−
µ . (3.10)
This interaction gives a contribution to the Wilson coefficient C7 in the eq. (3.1).
We find:
CCH−IR7 (µw) =
CRv2
2
mt
mb
fRH(xt) (3.11)
where xt = m
2
t
M2W
and fRH(xt) is the loop function [24]:
fRH(xt) = − 12
{
1
(1− xt)3
2
3
[
−x
3
t
2 −
3
2xt + 2 + 3xt log(xt)
]
+ 1
(1− xt)3
[
−x
3
t
2 + 6x
2
t −
15
2 xt + 2− 3x
2
t log(xt)
]}
.
(3.12)
fRH = −0.777, for mt = 174 GeV and MW = 80.4 GeV.
We point out that the bound on the CHM contributions to b→ sγ, CCH7 in eq. (3.6),
can be directly translated into a bound on the effective vertex WtRbR, vR ≡ CRv22 .
By considering the bound in (3.6) and the relation in (3.11), we obtain:
− 0.0004 < vR < 0.0013 . (3.13)
This bound from b→ sγ can be compared with that from the measurement of
the Wtb anomalous couplings at colliders. Ref. [25] reports an expected bound of
−0.012 < vR < 0.024, that can be imposed by 14 TeV LHC measurements with
30 fb−1. This latter can be obtained from studies on cross sections and top decay
observables (angular distributions and asymmetries) in the single top production at
the LHC. Present searches for anomalous W couplings at the 7 TeV LHC [26] fix
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still mild bounds on vR, −0.34 < vR < 0.39, with 0.70 fb−1. We can see that the
bound obtained from b→ sγ is much stronger than that from the vR measurement
at collider.
The CHM contribution to the effective coupling WtRbR is given by the exchange
of heavy fermions that mix electro-weakly with tR and bR (fig. 3.3). At the order
x2, only the SU(2)L heavy doublets, D, contribute to CR. This latter can be easily
estimated by NDA [12]:
CR ∼ Y
2∗ ξbRξtRξ2D
M2D
∼ ybyt
M2D
ξ2D
ξ2qL
, (3.14)
where ξD denotes the degree of compositeness of the heavy doublet and ξψ that of
the SM fermion ψ; in particular ξqL is the degree of compositeness of q3L = (tL, bL).
(3.14) implies:
CCH−IR7 (µw) ∼
m2t
M2D
fRH(xt)
ξ2D
ξ2qL
. (3.15)
Applying the condition in (3.6) to this infrared contribution, we get the estimated
bound:
MD &
1.6(0.87)
ξqL
TeV , (3.16)
where the first number and the second number in parenthesis refer respectively to
the case of a positive and of a negative CCH−IR7 contribution. Notice that in the
case of a positive CCH−IR7 contribution we obtain a stronger bound on MD, since
the constraint in (3.6) is asymmetric.
We find that a subgroup of the custodial symmetry SU(2)V , the PC parity, can
give a suppression to the WtRbR coupling and, as a consequence, to the CHM
infrared contribution to b→ sγ. The estimates we have just reported refer to generic
composite Higgs models where there is not such PC protection.
3.1.2 Protection by PC parity
The PC protection against the generation of the WtRbR vertex acts similarly to the
PLR and PC protection against large corrections to the ZbLbL coupling, which we
have discussed in sec. 2.1. PC is a symmetry of the sector BSM, that is respected
also by the interactions of tR and bR if these latter are PC eigenstates. Since PC acts
as diag(1,−1,−1) on SO(3) vectors, the W is not a PC eigenstate (the composite
partners of W 1 and W 2 have not the same PC eigenvalue). In the case in which
tR and bR are both PC eigenstates, both the tR and the bR interactions have to
respect the PC parity. Then, the WtRbR vertex, which is PC violating, since the W
is not a PC eigenstate, can arise only by paying for an additional factor, that gives
a suppression. Whereas, in models where tR and bR are not both PC eigenstates
and, as such, their interactions have not to respect the PC parity, the WtRbR vertex
can be generated without suppressions.
The TS5 falls into the class of models with PC protection, since in the TS5 both tR
and bR are PC eigenstates. Considering the TS5, we can evaluate the suppression
factor to WtRbR due to the PC protection. We can find it in an easy way by
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promoting ∆L1 and ∆L2 to spurions, which enforce a SU(2)L × SU(2)R invariance:
−∆L1q¯3L (T,B)→ −q¯3LQ2/3∆ˆL1
−∆L2q¯3L
(
T ′, B′
)→ −q¯3LQ′−1/3∆ˆL2 ,
where ∆ˆL1 = (∆L1, 0) ≡ (1, 2)1/6 and ∆ˆL2 = (0,∆L2) ≡ (1, 2)1/6. Therefore, we can
write the OR operator in the SU(2)L × SU(2)R invariant way:
OR = 1
f2
q¯3R∆ˆL1Vµ∆ˆ
†
L2qRγ
µ + h.c. , (3.17)
where f has the dimension of a mass, qR = (tR, bR) ≡ (1, 2)1/6 and Vµ ≡ Hc†iDµH.
Since PC is a subgroup of the custodial SU(2)V , the SU(2) × SU(2) invariant
operator in (3.17) is also a PC invariant. We can notice that the PC invariance has
brought to an additional factor ∆L1∆L2
f2 compared to (3.9).
Without PC protection, the (T,B) contribution to the WtRbR effective vertex is
sRsbRc
2
1
(
Y∗v√
2MT
)2
= mbmt
M2T
c21
s21
;
the request for PC invariance brings to the additional factor ∆L1∆L2f2 . For f
2 =
MQ∗MQ′∗, we obtain(
Y∗v√
2MT
)2
sRsbR
c1∆L1
MQ∗
c1∆L2
MQ′∗
=
(
Y∗v√
2MT
)2
sRsbRs1s2 =
mbmt
M2T
,
that is a suppression by a factor s21/c21 in the TS5, i.e. by a factor
ξ2qL
ξ2D
.
We can thus return to the estimated bounds on MD from CCH−IR7 , and consider
the case in which there is a PC protection to the tR and bR interactions. In such
case the CR contribution becomes:
CR ∼ ybyt
M2D
(with PC) , (3.18)
which implies
CCH−IR7 (µw) ∼
m2t
M2D
fRH(xt) (with PC) (3.19)
and an estimated bound:
MD & 1.6(0.87)TeV (with PC) . (3.20)
We will now calculate the bounds on MD from CCH−IR7 in the specific TS5 and
TS10 models. As we already know, the TS5 belongs to the class of models with PC
protection. The TS10, instead, falls in the class of models without PC protection,
because in the TS10 bR is not a PC eigenstate. We thus expect that the bound in
the TS10 will receive an enhancement factor c1/s1, compared to that in the TS5.
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In the TS5 we have a contribution to the OR operator in (3.9) both from the doublet
(T,B) in the X = 2/3 representation and the doublet (T ′, B′) in the X = −1/3. We
find (see App. B.2 and B.3 for details on calculation):
CTS5R = −
ybyt
M2T
(
1 + M
2
T
M2T ′
)
. (3.21)
This implies:
CCH−IR−TS57 (µw) = −
m2t
M2T
fRH(xt)
(
1 + M
2
T
M2T ′
)
. (3.22)
Notice that the CTS5R contribution is negative. This implies a positive contribution
CCH−IR−TS57 (fRH is negative). The condition in (3.6) is asymmetric and is stronger
in the case of a positive CCH−IR7 . Applying this condition to the Infrared contribution
in (3.22), we get, for r = MTMT ′ = 1, the following bound on the D ≡ (T,B) doubletmass:
MTS5D & 1.4 TeV . (3.23)
In the TS10, there is only one doublet, D = (T,B), that gives a contribution to CR.
We obtain
CTS10R =
ybyt
M2T
c21
s21
, (3.24)
which implies:
CCH−IR−TS107 (µw) =
m2t
M2T
fRH(xt)
c21
s21
. (3.25)
From the condition in (3.6) we get finally the bound:
MTS10D & (0.54)
c1
s1
TeV . (3.26)
Notice that, differently from the case of the TS5 contribution, CCH−IR−TS107 (µw)
is negative. As such, it is constrained less strongly by the condition in (3.6). As
expected, we have found a c1/s1 enhancement of this bound, compared to (3.23).
In Fig.s 3.5 and 3.6 we show the value of the bound on MD from the IR C7 contribu-
tion (thick curves) as function of s1, for the TS5 (varying the MTMT ′ ratio in the range
[0.8,1.2]) and the TS10 respectively. We also show, for different Y∗ values, the (grey)
regions of exclusion for s1, which are obtained from the conditions sR =
√
2mt
Y∗vs1 ≤ 1
in the TS5 and sR = 2mtY∗vs1 ≤ 1 in the TS10.
We point out that the constraint for s1 → 1 in the TS10 is not a robust prediction
but an artifact of our low-energy approximation, in which we have retained just the
lowest-lying set of composite states. This is because, for s1 → 1, the couplings with
Higgs of the two heavy fermions in the one doublet D = (T,B) vanish and bring to a
zero CCH−IR−TS107 contribution. However, if we considered a second tower of heavy
fermion resonances (as in a ‘three-site’ model), we would obtain a non zero bound.
In the TS5, for example, we have not this fake effect since we have a contribution
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both from composite fermions in the X = 2/3 representation and from those of the
X = −1/3.
We now proceed to evaluate the bounds from the C ′7 contribution and then those
from the UV contributions. As we already pointed out, these are contributions that
involve flavor-violating operators and require assumptions on the flavor structure
of the NP sector. In what follows we will consider the case of flavor anarchy of
the composite Yukawa matrices. This scenario, we remind, assumes that there is
no large hierarchy between elements within each matrix Y∗ and the quark mass
hierarchy is completely explained by the elementary/composite mixing angles. We
also set, for simplicity, Y∗U = Y∗D = Y∗.
3.1.3 Generational mixing
After the EWSB, the mass eigenstate basis is obtained, as in the SM, using unitary
transformations: (DL, DR) and (UL, UR) for down and up-type quark respectively.
We will assume that the left rotation matrix has entries of the same order as those
of the Cabibbo-Kobayashi-Maskawa matrix:
(DL)ij ∼ (VCKM )ij . (3.27)
The assumption of anarchical Y∗ fixes the form of the rotation matrix DR to be:
(DR)ij ∼
(
mi
mj
)
1
(DL)ij
for i < j . (3.28)
Considering the estimates (3.27) and (3.28), we can evaluate the generational mixing
factors in the composite Higgs model contributions to C7 (UV) and C
′
7.
For the ultraviolet contribution to C ′7, we account for the presence of a mass insertion
that can generate the operator b¯LσµνFµνsR. This mass insertion brings to a factor
mb(DR)23 ∼ ms(DL)23 ∼
ms
Vts
; where we have used first the estimate in (3.28) and then
that in (3.27). The ultraviolet contribution to C7 involves, instead, the operator
b¯Rσ
µνFµνsL and we obtain, from the mass insertion, a generational mixing factor of
mb(DL)23 ∼ mbVts; where the last similitude follows from the assumption in (3.27).
Evaluating, similarly, the generational mixing factor for the vertex WtRsR in
C
′CH−IR
7 , one finds: (DR)23 ∼ msmb(DL)23 ∼
ms
mbVts
, making use, again, of the es-
timates (3.28) and (3.27). The flavor violation in CCH−IR7 , instead, comes entirely
from the SM vertex WtLsL and it is accounted by a factor Vts. Therefore, we find
that the composite Higgs model contribution to the Wilson coefficient C ′7 is enhanced
by a factor
ms
mbV
2
ts
∼ 8 (3.29)
compared to the contribution to C7 both in the ultraviolet and in the infrared case.
3.1.4 Infrared contribution to C ′7
Taking into account the generational mixing factor in (3.29), the composite Higgs
model contribution to the Wilson coefficient C ′7 (Fig. 3.4) is given by:
C
′CH−IR
7 (µw) =
CRv2
2
ms
mbV
2
ts
mt
mb
fRH(xt) . (3.30)
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Figure 3.4. 1 loop Infrared contribution to C ′7.
Considering the estimates for CR in (3.14) and (3.18), the condition on C ′CH−IR7 (µw),
eq. (3.7), gives thus the estimated bounds:
MD & 1.3 TeV (3.31)
in models with PC symmetry; and
MD &
1.3
ξqL
TeV (3.32)
in models without PC symmetry.
Considering the specific TS5 and TS10 models, C ′CH−IR7 gives the bounds:
MD & 1.1 TeV (3.33)
in the TS5; and
MD &
c1
s1
(0.80) TeV (3.34)
in the TS10.
Y* = 5, 4, 3, 2
0.2 0.4 0.6 0.8 1.0
s1
500
1000
1500
MT HGeVL
Figure 3.5. Bounds from CCH−IR7 (green thick line) and C
′CH−IR
7 (dashed orange line) in
the TS5. Sketched bands define a range of variation for MT of ±20%MT ′ (r = MT /MT ′ ∈
[0.8, 1.2]). We also show, for different Y∗ values, the (grey) regions of exclusion for s1, which
are obtained from the condition sR =
√
2mt
Y∗vs1
≤ 1.
Summarizing, we have found that the composite Higgs Model Infrared contribu-
tion to the process b→ sγ (more specifically, the contribution to the O7 operator)
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Figure 3.6. Bounds from CCH−IR7 (green thick line) and C
′CH−IR
7 (dashed orange line)
in the TS10. We also show, for different Y∗ values, the (grey) regions of exclusion for s1,
which are obtained from the condition sR = 2mtY∗vs1 ≤ 1.
gives a robust Minimal Flavor Violating bound on the mass of the bidoublet heavy
fermions. We have found that this bound is quite strong, especially in the case
of models where there is not a custodial PC symmetry protection to the effective
coupling WtRbR. We have found an estimated bound, MD & 1.6 TeV, in models
with PC protection to the WtRbR vertex (where both tR and bR are PC eigenstates)
and a bound, MD & 1.6/ξqL TeV, where ξqL denotes the degree of compositeness
of q3L = (tL, bL), in models without PC protection. ξqL is naturally a small number,
therefore the bound could be very strong in these types of models.
We can finally discuss how the bound on heavy masses can change in the case of a
fully composite tL/tR:
in the TS5 the bound on physical masses does not depend on the top degree of com-
positeness (this remains almost true considering the full numerical calculation) and
we obtain strong MFV bounds both for composite tL and composite tR. In the TS10,
because of the PC protection, we obtain very strong bound in the case of fully/almost
fully composite tR. In ref. [27] it is found that corrections to S and T parameters
give only weak constraints on a composite tR (both in TS5 and in TS10). The IR
contribution to b→ sγ, instead, strongly constraint, especially in the TS10, this case.
One can finally discuss the validity of our results, which have been obtained
‘analytically’ (i.e. by considering an expansion in x ≡ Y∗v√2m∗ and retaining only the
O(x) terms). We find that the results from the numerical calculation of the bounds,
obtained by diagonalizing numerically the fermionic mass matrices (see App. B.4),
do not differ more than O(1) from those we have shown, which are obtained at order
x, in the assumption x 1. This can be also found by considering that the exchange
of relatively light composite fermions, that can give a contribution Y∗v√2mCUST∗ > 1 to
the effective WtRbR vertex, has to be followed by the exchange of heavier composite
fermions, that reduces the overall contribution. These relatively light composite
fermions are the custodians, that become lighter than the other fermionic resonances
in the limit of composite tL/tR. By definition, however, these particles do not
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Figure 3.7. 1 loop CHM UV contribution to C ′7.
directly couple to SM fermions, therefore their contribution to WtRbR have to be
always accompanied by the exchange of heavier composite particles.
3.1.5 Ultraviolet contribution
In this case the PC parity does not influence the bounds and we get contributions of
the same size in the different models. The leading contribution comes from diagrams
with heavy fermions and would-be Goldstone Bosons in the loop1 (Fig. 3.7).
CCH−UV7 , C
′CH−UV
7 ∝ sLiY∗ikY∗klY∗ljsRj (3.35)
The contribution (3.35) is not aligned with the mass matrix mdij ∼ sLiY∗ijsRj ,
therefore, after the EWSB it remains non diagonal in the flavor space.
Before going on the specific TS5 and TS10 models, we can obtain estimated
bounds from the UV contributions in generic composite Higgs models, by means of
NDA. We obtain:
CCH−UV7 ∼
(Y∗v)2
MDMD˜
ξDξD˜ , (3.36)
where D˜ denotes a heavy fermion which is a SU(2)L singlet, and
C
′CH−UV
7 ∼
ms
mbV
2
ts
(Y∗v)2
MDMD˜
ξDξD˜ , (3.37)
where we have taken into account the generational mixing factor in 3.29. Comparing
these results with those from the IR contributions in (3.16, 3.20), we see that the
UV contribution gives approximately a bound Y∗/yt (Y∗yt ξqL , in the case of models
without PC protection) times stronger than the one from the IR contribution to C7.
Such UV bounds, however, are not as robust as the IR one, since they require, as
we already pointed out, assumptions on the flavor structure of the sector BSM. In
particular, we have estimated them in the scenario of flavor anarchy in the strong
sector.
In the Ref. [19] the Ultraviolet Contribution to b→ sγ in a Two-Site Model without
a PLR protection to the tR and bR interactions is evaluated. In the following we
will describe in details the contribution in the TS5 and we will report the results
1The contribution from heavy gluon and heavy fermion exchange is suppressed. Indeed this
contribution is approximately diagonal in the flavor space.
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for TS10. We can calculate the CCH−UV7 and C
′CH−UV
7 ultraviolet contributions by
considering the model independent analysis of Ref. [19] and the generational mixing
factor of the eq. (3.29). We get the following effective Hamiltonian
Heffneutral Higgs =
i e
8pi2
(2 · p)
M2w
kneutral
[
Vtsb¯(1− γ5)s+ ms
mbVts
b¯(1 + γ5)s
]
(3.38)
where
kneutral ≈
4∑
i=1
(
|α(i)1 |2 + |α(i)2 |2
)
mb
( 1
36
)
M2w
m2∗(i)
+
4∑
i=1
(
α
(i)∗
1 α
(i)
2
)
m∗(i)
(1
6
)
M2w
m2∗(i)
(3.39)
the index i runs over the four down-type heavy fermions of the model, d(i) =
B˜, B′, B−1/3, B, and the α
(i)
1 , α
(i)
2 coefficients are defined by interaction:
L ⊃ d¯(i)
[
α
(i)
1 (1 + γ5) + α
(i)
2 (1− γ5)
]
bH + h.c. . (3.40)
After the EWSB, we find the following coefficients at O(x):
α
(B˜)
1 =
Y 2∗ v
2 sbR
[
1
MB′
+ MB
′ + cbRMB˜
M2B′ −M2B˜
]
α
(B˜)
2 = −
Y∗
2
√
2
s2cbR
α
(B′)
1 = α
(B−1/3)
1 = −
Y∗
2
√
2
sbR
α
(B′)
2 = α
(B−1/3)
2 = −
Y 2∗ v
4 s2
[
M2B′MB˜ − s2bRM3B˜ − cbRM3B′ + 2cbRMB′M2B˜
MB′MB˜(M2B′ −M2B˜)
]
(3.41)
the heavy fermion B gives a contribution of O(s22) to kneutral and we neglect it.
Considering the eq. (3.39) and the coefficients in (3.41), neglecting again O(x2)
terms, we obtain:
kneutral ≈ −mbM2WY 2∗
1
8
(
cbR
MB′MB˜
− 718
s2bR
M2B′
)
. (3.42)
From this expression of kneutral we obtain the following TS5 ultraviolet contributions
to the Wilson coefficient of the effective Hamiltonian in (3.1):
CCH−UV7 (m∗) =
1
16
√
2
GF
Y 2∗
(
cbR
MB′MB˜
− 718
s2bR
M2B′
)
;
C
′CH−UV
7 (m∗) =
1
16
√
2
GF
Y 2∗
(
cbR
MB′MB˜
− 718
s2bR
M2B′
)
ms
mbV
2
ts
.
(3.43)
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Assuming sbR small, the above formulas become:
CCH−UV7 (m∗) =
1
16
√
2
GF
Y 2∗
MB′MB˜
; C ′CH−UV7 (m∗) =
1
16
√
2
GF
Y 2∗
MB′MB˜
ms
mbV
2
ts
. (3.44)
Finally, the condition on C ′CH−UV7 in the eq. (3.4) gives the bound:√
MB′MB˜ & (0.40) Y∗ TeV ; (3.45)
where, for simplicity we have set sbR = 0. The condition (3.3) on CCH−UV7 gives a
stronger bound, √
MB′MB˜ & (0.52) Y∗TeV , (3.46)
if CCH−UV7 (m∗) is a negative contribution.
There is also a contribution to b → sγ from diagrams with heavy fermions and
charged Higgs in the loop. Following a similar procedure as the one used before
(B.5) we find, neglecting O(x2) terms:
kcharged ≈ mbM2WY 2∗
5
48
1
MB′MB˜
+O(s21) +O(s2bR) . (3.47)
If we can neglect O(s21) and O(s2bR) terms, kcharged gives a weaker bound than the
one from kneutral. The full expression of kcharged can be found in App. B.6, here we
have just reported, for simplicity, the result for small s1 and sbR angles.
In Fig. 3.8 we show the bound on the doublet mass MT as function of s1 from the
condition on C ′CH−UV7 , for different values of the ratio k = MTMT˜ between doublet
and singlet mass and for a value Y∗ = 3. We set MB˜ = MT˜ and MT ′ = MT . These
values are obtained taking into account the strongest values between the neutral
Higgs contribution and the charged Higgs one. We set sbR = s1.
In Fig. 3.9 we show the bound on the doublet mass MT from the condition on
C
′CH−UV
7 as function of s1, for different values of Y∗. We set k = MTMT˜ = 1,MB˜ = MT˜
and MT ′ = MT .
Ultraviolet contribution in the TS10
For the TS10 model, applying the same procedure as for the case of TS5, we get:
kneutral = mbM2WY 2∗
×
7MTM2T ′s21 − 18MB˜M2B˜′
√
1− s21 +M2B˜
(
7MBs21 − 18MB˜′
√
1− s21
)
288M2
B˜
MBM2B˜′
+O(sbR)
= −mbM2WY 2∗
1
16
(
1
MBMB˜
+ 1
MBMB˜′
)
+O(s21) +O(sbR)
(3.48)
kcharged = mbM2WY 2∗
(
5
48
1
MBMB˜
+ 548
1
MBMB˜′
+ 596
s2R
M2B
)
+O(s21) +O(s2bR)
(3.49)
3.2 Constraint from ′/K 25
If the left-handed bottom quark has a small degree of compositeness, we can neglect
O(s21) (while sbR is naturally very small in the TS10, in order to account for the
ratio mb/mt  1). The charged contribution, in this case, gives a stronger bound
than the one from kneutral:√
MBMB˜ & (0.58) Y∗ TeV , (3.50)
from the condition (3.4) on C ′CH−UV7 . A stronger bound,√
MBMB˜ & (0.75) Y∗TeV , (3.51)
comes from the condition (3.3) on CCH−UV7 , if this last contribution has a negative
sign.
In Fig. 3.10 we show the bound on the doublet mass MT as function of s1 from the
condition on C ′CH−UV7 , for different values of the ratio k = MTMT˜ between doublet
and T˜ singlet mass and for a value Y∗ = 3. The custodian singlet masses have the
following relations with MT˜ : MB˜ ' cRMT˜ , MB˜′ = MT˜ ′ = cRMT˜ .
In Fig. 3.11 we show the bound on the doublet mass MT as function of s1 from the
condition on C ′CH−UV7 , for different Y∗ values. We set k = MTMT˜ = 1.
All these bounds are obtained taking into account the strongest values between the
neutral Higgs contribution and the charged Higgs one.
We can see that in the TS10 model, the UV bounds are particularly strong in the
case of fully composite tR. This is an effect caused by the exchange of the custodians
T˜ ′, B˜′ and of the B˜, that are light in the limit of a composite tR. In particular, when
tR is fully composite (sR = 1), MB˜(' cRMT˜ ) and MB˜′ = MT˜ ′(= cRMT˜ ) vanish.
This causes the divergence of the bounds for sR → 1. Such divergences can be seen
in the curves in Fig.s 3.10 and 3.11, when they approach the (grey) exclusion regions
for s1 (indeed, the minimum value of s1 allowed by the condition sR = 2mtY∗vs1 ≤ 1 is
obviously obtained in the case sR = 1).
We summarize in Tab. 3.1 the bounds on heavy fermion masses that can be obtained
from the process b→ sγ. We report the estimated bounds for generic Composite
Higgs Models (with or without PC protection) that we have found by means of NDA,
and the bounds in the specific Two-Site models TS5 and TS10. We denote by ξψ/χ
the degree of compositeness of a SM/Heavy fermion, in a generic Composite Higgs
Model. D (D˜) denotes a SU(2)L heavy fermion doublet (singlet). For the estimated
bounds from CCH7 and for the bounds from CCH−UV7 , we report both the values
that can be obtained in the case of a positive (the first number) or of a negative
(the second number in parenthesis) contribution.
3.2 Constraint from ′/K
The bound on the mass of the heavy fermions that comes from the direct CP
violating observable of the K0 → 2pi system, Re(′/), can be even stronger, in
the assumption of anarchic Y∗, than those obtained from b→ sγ, as already found
in [20]. As we already pointed out, however, it is a bound that strongly depends on
the assumptions made on the flavor structure of the new physics sector and, as a
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Figure 3.8. Bounds from C
′CH−UV
7 in the TS5, for different values of k = MTMT˜ . We set
MB˜ = MT˜ and MT ′ = MT . Also shown is the exclusion region for s1, obtained from the
condition sR =
√
2mt
Y∗vs1
≤ 1.
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Figure 3.9. Bounds from C
′CH−UV
7 in the TS5, for different values of Y∗. We set
k = MTMT˜ = 1, MB˜ = MT˜ and MT ′ = MT . We also show the s1 exclusion regions, obtained
from the condition sR =
√
2mt
Y∗vs1
≤ 1.
consequence, it is non minimal flavor violating.
As in the UV contribution to b → sγ, the custodial symmetry does not influence
the bound and we obtain contributions of the same size for the different models. In
what follows we describe the bound in the TS5 and in the TS10.
New Physics contribution can be parametrized at low energy by chromo-magnetic
operators:
OG = s¯σµνT aGaµν (1− γ5) d , O′G = s¯σµνT aGaµν (1 + γ5) d . (3.52)
As for the UV contribution to b→ sγ, the leading contribution to ′/K comes from
diagrams with heavy fermions and Higgs in the loop, that generate the OG and O′G
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Figure 3.10. Bounds from C
′CH−UV
7 in the TS10, for different values of k = MTMT˜ (MB˜ '
cRMT˜ , MB˜′ = MT˜ ′ = cRMT˜ ). Also shown is the exclusion region for s1, obtained from the
condition sR = 2mtY∗vs1 ≤ 1.
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Figure 3.11. Bounds from C
′CH−UV
7 in the TS10, for different values of Y∗. We set k =
MT
MT˜
= 1. We also show the s1 exclusion regions, obtained from the condition sR = 2mtY∗vs1 ≤ 1.
operators (1 loop diagrams are the same as for the UV contribution to b→ sγ, Fig.
3.7, with the replacements γ → g, b→ s and s→ d).
The related coefficients CG and C′G, in analogy with C7 and C′7 of the UV contribution
to b→ sγ, differ by a generational mixing factor that, in the assumption of anarchic
Y∗, we estimate to be∼ mdmsV 2us . We consider only the generation mixing (1−3)×(2−3),via 3rd generation.
In analogy with (3.38), we define:
Aeff−chromoneutral Higgs =
i gs
8pi2
(2 · p)
M2w
kGneutral
[
Vuss¯(1− γ5)d+ md
msVus
s¯(1 + γ5)d
]
, (3.53)
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Table 3.1. Estimated bounds for general Composite Higgs Models and for the specific TS5
and TS10 at small elementary/composite mixing angles s1 and sbR. For the estimated bounds
from CCH7 and for the bounds from CCH−UV7 , we report both the values that can be obtained
in the case of a positive (the first number) or a negative (the second number in parenthesis)
contribution.
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where
kGneutral ≈
4∑
i=1
(
|α(i)1 |2 + |α(i)2 |2
)
ms
(
− 112
)
M2w
m2∗(i)
+
4∑
i=1
(
α
(i)∗
1 α
(i)
2
)
m∗(i)
(
−12
)
M2w
m2∗(i)
(3.54)
the index i runs over the four down-type heavy fermions of the model, d(i), and the
α
(i)
1 , α
(i)
2 coefficients are defined by interaction:
L ⊃ d¯(i)
[
α
(i)
1 (1 + γ5) + α
(i)
2 (1− γ5)
]
bH + h.c. . (3.55)
After the EWSB, neglecting O(x2) terms, we find in the TS5:
kGneutral =
3
8msM
2
w
Y 2∗
MB′MB˜
+O(s2sR) , (3.56)
where ssR defines the degree of compositeness of the right-handed strange quark
and has naturally a small value. In the limit in which ssR = 0, we obtain the same
result also in the TS10.
We can therefore calculate the CG and C′G contributions:
CG = − 116pi2
kGneutral
M2wms
Vus , C′G = md
msV 2us
CG . (3.57)
Defining
δ′ =
Re(′/)CH −Re(′/)SM
Re(′/)exp
(3.58)
we obtain
|δ′ | ≈ (58 TeV )2BG|CG − C′G| < 1 , (3.59)
where Re(′/)SM has been estimated as in Ref. [20]; BG denotes the hadronic
bag-parameter,
〈
2piI=0|ysOG|K0
〉
. We take BG = 12 and we take into account
separately the contribution from CG and C′G.
In the limit ssR = 0 we obtain from (3.59):√
MB′MB˜ & (1.3)Y∗ TeV , (3.60)
which is in agreement with the result in [20]. The contribution from the charged Higgs
interactions gives weaker bounds than those from the neutral Higgs contribution.
3.3 Constraints from K
The strongest constraint on the G∗ mass comes from the data on K − K¯ mixing and
it is not a Minimal Flavor Violating bound.
2 That corresponds to the estimate of the hadronic matrix element
〈
2piI=0|ysOG|K0
〉
in the
chiral quark model and to the first order in the chiral expansion.
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It is well-known [28] that the dominant contribution to the CP violation in K − K¯
mixing, K , comes from the heavy gluon exchange between left-handed and right-
handed down-type quark currents. Such exchange gives a contribution to the
operator:
O4 = d¯αRsαLd¯βLsβR .
This contribution includes two terms, one from the “direct” mixing of the 1-2
generations and another from the (1− 3)× (2− 3) mixing, via 3rd generation. If one
calculates this latter contribution, i.e. by considering the mixing via 3rd generation,
finds:
C4 ∼ g
2∗3
M2G∗
(D†L)13(DL)23s
2
1(DR)23(D
†
R)13s
2
bR ∼ s21s2bR
g2∗3
M2G∗
msmd
m2b
. (3.61)
In the Two-Site Model without a PLR protection to WtRbR of ref. [19, 4], in the
TS10 and in the TS5 with ∆L2 = ∆L1, where the bottom mass is proportional to the
same angle that defines the bL composite/elementary mixing, the eq. (3.61) reduces
to:
C4 ∼ g
2∗3
M2G∗
msmd(
Y∗v√
2
)2 ; (3.62)
from which the bound [19]:
MG∗ & (11)
g∗3
Y∗
TeV . (3.63)
In the TS5 (with ∆L2  ∆L1), instead, there is a s21/s22 enhancement:
C4 ∼ s
2
1
s22
g2∗3
M2G∗
msmd(
Y∗v√
2
)2 , (3.64)
so that the bound becomes:
MG∗ & (11)
s1
s2
g∗3
Y∗
TeV . (3.65)
We have a strong bound, especially in the TS5 (with ∆L2  ∆L1), though it could
still allow for a relatively light G∗, if we had a ratio g∗3Y∗  1 3. Most importantly,
this is a bound that strongly depends on the flavor structure of the sector Beyond
the SM. If we consider BSM flavor scenarios less minimal than that of anarchic Y∗,
the constraint can be much softened. For example, recent studies show that, if the
strong sector is invariant under additional flavor symmetries [47–51] or preserves
CP [32], the heavy gluon can have a mass as light as a few TeVs.
3In this case, however, a tension between the bound from K and the one from the UV contribution
to b → sγ exists, as pointed out in [19], because of the opposite dependence on the composite
Yukawa coupling. So it is not possible to simultaneously soften these bounds in the scenario of
anarchic composite Yukawa coupling.
Chapter 4
Heavy colored vectors at the
LHC
In this part of the project we perform a study of the LHC discovery reach on a heavy
gluon (G∗) and heavy fermions (top and bottom excitations), coming from a new
composite sector. We consider the “two-site” descriptions (TS5 and TS10), which
we have derived in the previous part. The results obtained and the strategies we
applied, however, can be generalized to Randall-Sundrum models and to the wider
class of models that address the hierarchy problem by considering a new strong
sector responsible for the EWSB.
We start by considering the TS5 model of sec. 2.2 with the following assumptions:
Y∗U = Y∗D = Y∗ and sbR = s1 (i.e. bL as much composite as bR). We remind that
the physical mass MT = MB 1 of the (T,B) doublet of heavy fermions (partner of
the SM q3L = (tL, bL) doublet) is related to the other heavy fermion masses as:
MT5/3 = MT2/3 = MT c1 MT˜ = kMT MB˜ = k
′MT .
We set, for simplicity, k = k′ = 1.
We have also the following relations with the heavy fermions in the Q′ bidoublet,
MT ′ = MB′ = rMT MB−1/3 = MB−4/3 'MT ′ = rMT ,
we will set r = 1 in the calculation of the BRs and of the G∗ width. However, these
heavy fermions are not much relevant in the analysis we perform in the ψχ channel,
since they can only be produced in pairs from the decay of the G∗ (in particular,
the process G∗ → T ′t(B′b) receives a suppression by s22).
In our model G∗ transforms as (8,1,1)0 under SU(3)c×SU(2)L×SU(2)R×U(1)X .
Composite fermions are SU(3)c triplets and transform as shown in (2.16) under
SU(2)L × SU(2)R × U(1)X . The Lagrangian which describes G∗ and fermion
interactions in the TS5 reads, in the elementary/composite basis (we work in the
electroweak gauge-less limit, and omit the terms involving the SU(2)L × U(1)Y
1We are working at order x ≡ Y∗v√2m∗ and we are thus neglecting O(x
2) corrections in the heavy
masses.
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elementary gauge fields, which play no role in our analysis):
L =Lelementary + Lcomposite + Lmixing (4.1)
Lelementary = q¯iLi 6D qiL + u¯iRi 6DuiR + d¯iRi 6DdiR −
1
4g2el3
GµνG
µν (4.2)
Lcomposite =Tr
{
Q¯ (i6∂−6G∗−MQ∗)Q
}
+ ¯˜T
(
i6∂−6G∗−MT˜∗
)
T˜
+ Tr
{
Q¯′ (i6∂−6G∗−MQ′∗)Q′}+ ¯˜B (i6∂−6G∗−MB˜∗) B˜
+ Y∗U Tr{Q¯H} T˜ + Y∗D Tr{Q¯′H} B˜ − 14g2∗3
G∗µνG
∗µν
(4.3)
Lmixing =−∆L1 q¯3L (T,B)−∆L2 q¯3L
(
T ′, B′
)−∆tR t¯RT˜ −∆bR b¯RB˜ + h.c.
+ 12
M¯2G∗
g2∗3
(
gµ −G∗µ
)2
.
(4.4)
The derivative Dµ is covariant under SU(3)c transformations. The superscript i
in eq.(4.2) runs over the three SM families (i = 1, 2, 3), with q3L ≡ (tL, bL), u3R ≡ tR,
d3R ≡ bR. Lagrangian (4.1) can be diagonalized, before EWSB, by performing a field
rotation from the composite/elementary to the mass eigenstate basis (the resulting
Lagrangian can be found in the appendix A.1.2, eq. A.11). In this latter basis the
couplings of G∗ to the fermions read:
gG∗qq =gS tan θ3 , q = u, d, c, s (4.5)
gG∗ψψ =gS
(
tan θ3c2ψ − cot θ3s2ψ
)
, ψ = tL, bL, tR, bR (4.6)
gG∗ψχ =gS
sψcψ
sin θ3 cos θ3
, ψχ = TtL, BbL, T˜ tR, B˜bR (4.7)
gG∗χχ =gS
(
tan θ3s2ψ − cot θ3c2ψ
)
, χ = any of the heavy fermions , (4.8)
sψ ≡ sinϕψ is the sine of the angle that defines the rotation from the elemen-
tary/composite basis ψele/χcom to the basis of the mass eigenstates ψ/χ (see, for
example, eq.(2.5)). sψ denotes thus the degree of compositeness of SM fermions (the
relating cosine, cψ, represents the degree of elementarity of SM fermions). Referring
to TS models of sections 2.2 and 2.3, sψ = s1 for ψ = tL, bL, sψ = sbR for ψ = bR,
sψ = sR for ψ = tR. For light quarks sψ ' 0 (cψ ' 1); this follows from the
assumption of flavor anarchy in the strong sector (see the discussion in sec. 2.2)
2. As we know from chapter 2, sψ represents also the degree of elementarity (cψ
2If the strong sector is not anarchic, the phenomenology can change significantly and additional
signatures, like for example the unsuppressed decay of G∗ to light quarks, can appear, see for
example Ref. [32]. Our analysis, on the other hand, can still be relevant although the decay modes
considered here might not be the dominant ones.
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Figure 4.1. G∗ production.
the degree of compositeness) of the heavy fermion χ, partner of the SM fermion ψ.
Possible ψχ partners are the following:
χψ ≡ TtL, BbL, T˜ tR, B˜bR (4.9)
As we already pointed out in the previous part of the project, there are also heavy
fermions that do not mix directly with elementary fermions, which are called custo-
dians. For the custodians sψ = 0 (cψ = 1).
We remind that θ3 parametrizes the G∗ degree of compositeness (see eq.(2.10)) and
is related to the coupling g∗3 of the SU(3)c interaction of the composite sector as
tan θ3 = gel3g∗3 '
√
4piαS
g∗3 . In the analysis we consider initially a reference value for the
model, tan θ3 = 0.44, that corresponds to a value g∗3 = 3. We also set Y∗ = g∗3.
4.1 Remarks on the G∗ and the heavy fermions search
at the LHC
4.1.1 G∗ Production
The G∗ is produced in pp collision by quark-antiquark annihilation, the production
by gluon fusion being forbidden by gauge invariance.
The G∗ couples to the light quarks u, d in the proton with a coupling:
gG∗uu¯ = gG∗dd¯ ' gS tan θ3 . (4.10)
Light quarks, indeed, are almost fully elementary and, as a consequence, they
couple, with a coupling gel3, to the elementary component of the heavy gluon,
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G∗ sin θ3 (see eq.s (2.10,2.11)). The cross section for the production of the G∗ is
therefore proportional to tan2 θ3.
The cross section for the production of the G∗ drops exponentially with the G∗ mass,
as we can see from Fig. 4.1. This makes the discovery at the LHC difficult for a
mass of G∗ above 4 TeV (considering a value tan θ3 = 0.44). We have calculated the
cross section for the G∗ production by using MADGRAPH/MADEVENT v4 [33];
we have implemented our model for the G∗ interactions in MADGRAPH, making
use of the FeynRules package [34]. We have used the CTEQ6L1 pdf set and the
factorization and renormalization scales, Q = MG∗.
4.1.2 G∗ Branching Ratios and total decay width
In order to study the G∗ phenomenology, we look first at its decay modes and we
calculate its total decay width.
We can distinguish three classes of decays for the G∗: the decays into SM fermion
pairs, G∗ → ψψ¯, those into one heavy (χ) plus one SM fermion, G∗ → χψ, and the
decays into heavy fermion pairs, G∗ → χχ¯. Decay widths are as follows:
Γ
(
G∗ → ψψ¯
)
=αS12MG∗
(
s2ψ cot θ3 − c2ψ tan θ3
)2
(4.11)
Γ
(
G∗ → χψ¯ + ψχ¯
)
=αS6 MG∗
s2ψc
2
ψ
sin2 θ3 cos2 θ3
(
1− m
2∗
M2G∗
)(
1− 12
m2∗
M2G∗
− 12
m4∗
M4G∗
)
(4.12)
Γ (G∗ → χχ¯) =αS12MG∗
{[(
c2ψ cot θ3 − s2ψ tan θ3
)2
+ cot2 θ3
](
1− m
2∗
M2G∗
)
+ 6
(
c2ψ cot2 θ3 − s2ψ
) m2∗
M2G∗
}√
1− 4 m
2∗
M2G∗
,
(4.13)
where m∗ denotes the heavy fermion physical mass.
We show in Fig. 4.2 the BRs and the total decay width of the G∗, as functions of
the G∗ mass. Fig. 4.2 refers to the case of a fully composite tR (sR = 1). The mass
of the (T,B) heavy fermions (partners of q3L ≡ (tL, bL)) has been set to 1 TeV.
4.1.3 Three scenarios for the G∗ search at the LHC
As Fig. 4.2 shows, we can clearly distinguish three scenarios with different phe-
nomenological implications for the G∗ search at the LHC, depending on the ratio
between G∗ mass and the heavy fermion mass MT .
When the G∗ mass is below the threshold for the production of a heavy fermion
(MG∗ < MT ), G∗ decays completely into pairs of SM quarks: tt¯ pairs or dijets.
The relative importance of these decay channels is controlled by tan θ3 and the top
degrees of compositeness. For small values of tan θ3, which are naturally implied
by the hierarchy of couplings gel3  g∗3, or large top degree of compositeness,
the dominant channel is tt¯. For example, for a fully composite tR, sR = 1, and
tan θ3 = 0.2, Y∗ = 3, one has BR(G∗ → tt¯) = 0.98, BR(G∗ → qq¯) = 0.012. On the
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Figure 4.2. G∗ decay Branching Ratios and G∗ total decay width as functions of the G∗
mass in the TS5, with a fully composite tR, sR = 1. tan θ3 and Y∗ parameters are set
at the reference values: tan θ3 = 0.44, Y∗ = 3. The (T,B) heavy fermions (partners of
q3L ≡ (tL, bL)) mass has been set to MT = MB = 1 TeV. ψψ¯ denotes the BR for the G∗
decays into SM fermion pairs [red curve], ψχ those for the G∗ decays into one heavy (χ)
plus one SM (ψ) fermion [thick curve] and χχ¯ those for the G∗ decays into a pair of heavy
fermions [dotted curve].
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other hand, large branching ratios to pairs of light quarks can be obtained even for
moderate top degrees of compositeness if tan θ3 is not too small. For example, for
sR = 0.6, tan θ3 = 0.44, Y∗ = 3 one has BR(G∗ → tt¯) = 0.18, BR(G∗ → qq¯) = 0.69.
In this case the strongest discovery reach (or exclusion power) comes from the dijet
searches. This first scenario, where the decays to one heavy fermion are kinematically
forbidden, is the only one studied in the literature on the G∗ search at the LHC.
In particular, the searches for a heavy gluon have been focussed on the channel
pp → G∗ → tRt¯R [30, 31], assuming the case of a fully composite top right and a
small value of tan θ3. The signal G∗ → tRt¯R is affected by huge and difficult to
reduce QCD background, pp → g → tt¯, that makes the G∗ discovery at the LHC
particularly challenging. However, the study in Ref. [30], by exploiting peculiarities
of the signal, such as the large invariant mass of tt¯ pairs and a Left-Right asymmetry,
shows that a discovery of a G∗ lighter than ∼ 4 TeV is possible with 100 fb−1 at the
14 TeV LHC.
When theG∗ reaches the threshold for the decay into one heavy fermion, theG∗ → ψχ
decays become relevant, while the BR for the G∗ decay into SM quark pairs decreases.
The G∗ width remains quite narrow, below ∼ 100 GeV. When the G∗ reaches the
threshold for the production of pairs of custodians (T5/3 and T2/3), BR(G∗ → ψχ)
slightly decreases. The intermediate scenario where MT < MG∗ < 2MT and, espe-
cially, the scenario where MT < MG∗ < 2MT5/3 seem to be very promising for the
G∗ search at the LHC. We identify the G∗ decay into a top (bottom) and its heavy
partner as the best search channel 3. Since SM gluon interactions with one heavy
and one SM fermion are forbidden, these search channels, differently from the cases
in the other scenarios, are not overwhelmed by irreducible backgrounds with gluon
mediations. The presence of heavy fermion resonances only in the signal turns out
to be crucial to reduce backgrounds.
Finally, we can recognize a third scenario, which corresponds to the case of a G∗
heavier than heavy fermion pairs (MG∗ > 2MT ). In this scenario G∗ decays com-
pletely into pairs of heavy fermions. Due to the large number of available channels
and the large couplings, its total decay width has a rapid increase; it grows up to
∼ 1 TeV. Such a width is too large to be able to distinguish the G∗ resonance from
the background, in which the same production of heavy fermion pairs is mediated
by the SM gluon instead of the G∗. So, if the G∗ is sufficiently heavy to decay into
heavy fermion pairs, we argue that it will not be easily discovered at the LHC.
We do not have a model independent hint from experimental data on which of
the three scenarios could really exists. The data, however, give generally stronger
constraints on the G∗ mass than on the heavy fermion masses. In particular, the
bound on the G∗ mass from the data on K − K¯ mixing, that we discussed in sec.3.3,
is a very strong bound, even though it depends on the flavor structure of the sector
Beyond the SM. The first scenario seems thus to be not the favorite one.
In consideration of all we discussed, an analysis focused on the intermediate scenario
seems to be needed for the G∗ search at the LHC.
In Fig. 4.2, we have shown the G∗ BRs in the case of a fully composite tR (which is
the scenario considered in the analysis of Ref. [30]). tR, however, is not forced to be
3Also the study in Ref. [36], that considers a model with gluon-prime and top-prime, similar
to the TS model that we are analyzing, has suggested the production of a single top-prime in
association with a top as a promising channel for an observation at CDF (they consider a different
parameter space, with lighter heavy colored vectors).
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fully composite. As found in the previous part of the project a not fully composite
top seems, instead, to be the preferred case by the data on b→ sγ for TS10 model
(and, in general, for models without PC protection to the WtRbR coupling). We
calculate G∗ Branching Ratios and total decay width for different values of the tR
degree of compositeness. We show the results in Fig.s 4.3,4.4. We see that the
G∗ → χψ decays become more important in the case of a not fully composite tR
(until we reach the case of a fully composite tL. We discuss this latter case in Sec.
4.9).
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Figure 4.3. G∗ decay Branching Ratios and G∗ total decay width as functions of the G∗
mass, for sR = 0.8. We also set: MT = 1 TeV, tan θ3 = 0.44, Y∗ = 3.
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4.2 Search channels
We focus our search on the promising channels where the heavy gluon G∗ (with
MT < MG∗ < 2MT5/3) decays into one heavy fermion (χ) plus its SM partner (ψ)4:
pp→ G∗ → χψ ≡ TtL, BbL, T˜ tR, B˜bR .
These fermions can be a left-handed top with its heavy partner T , a left-handed
bottom with its heavy partner B, a right-handed bottom (if not fully elementary)
with the heavy fermion B˜ or (in the case of a not fully composite tR) a right-handed
top with its heavy partner T˜ . We find that cross sections for the heavy fermions
production via the G∗ exchange can be even larger than those of single and pair pro-
duction mechanisms, those typically considered in the literature (see ref.s [5, 39–42],
for analyses on pair production, and [43–46], for single production). For example,
considering MG∗ = 3 TeV and MT = 2 TeV, we find a bB¯ + b¯B (or tT¯ + t¯T ) cross
section of 58÷ 84 fb (at 14 TeV LHC5), varying the value of the G∗ coupling to light
quarks, gS tan θ3, from the value 0.2gS to 0.6gS and considering an intermediate
value, sR = 0.6, for the top degree of compositeness. Therefore, these channels are
also promising for the heavy fermions discovery at the LHC.
Depending on the type of heavy fermion decays, we can distinguish search
channels with different final states.
4.2.1 Heavy fermions decay
Heavy fermions are essentially composite states, therefore they couple strongly to
composite modes. Heavy fermions (χ) decay thus into longitudinally polarized
bosons or into the Higgs (plus a SM fermion ψ); the widths for these decays are as
follows:
Γ (χ→WLψ) =
λ2Wχ
32pi Mχ
[(
1 +
m2ψ −M2W
M2χ
)(
1 +
m2ψ + 2M2W
M2χ
)
− 4m
2
ψ
M2χ
]
×
√√√√√1− 2m2ψ +M2W
M2χ
+
(
m2ψ −M2W
)2
M4χ
Γ (χ→ ZLψ) =
λ2Zχ
64piMχ
[(
1 +
m2ψ −M2Z
M2χ
)(
1 +
m2ψ + 2M2Z
M2χ
)
− 4m
2
ψ
M2χ
]
×
√√√√√1− 2m2ψ +M2Z
M2χ
+
(
m2ψ −M2Z
)2
M4χ
Γ (χ→ hψ) = λ
2
hχ
64piMχ
(
1 +
m2ψ
M2χ
− M
2
h
M2χ
)√√√√(1− m2ψ
M2χ
+ M
2
h
M2χ
)2
− 4M
4
h
M4χ
.
4We consider both the charge, G∗ → χ¯ψ + χψ¯.
5Applying only minimal cuts: pTb > 20 GeV.
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Vertices λW/Z/hχ are the following (with the exception of B˜, we can calculate them
by diagonalizing the fermionic mass matrices, (A.9), (A.10), (A.21) and (A.22), at
the order Y∗v√2Mχ , neglecting further terms of the order
(
Y∗v√
2Mχ
)2
, coming from the
electroweak mixing among heavy fermions):
λWT ' 0 , λZT = λhT = Y∗c1sR
for the T decays (T → Wb, T → Zt, T → ht). λWT is of the order s22 in the TS5
and of the order s2bR in the TS10 (we remind that in the TS10 sbR has to be small,
in order to account for the ratio mb/mt  1).
λWB = Y∗c1sR , λZB ' 0 , λhB ' 0
for the B decays (B →Wt, B → Zb, B → hb). λZ/hB is of the order s22 in the TS5
and of the order s2bR in the TS10.
λWT˜ = λZT˜ = λhT˜ = Y∗s1cR
for the T˜ decays (T˜ →Wb, T˜ → Zt, T˜ → ht).
For the B˜ decays:
λZB˜ = λhB˜ ∼ Y∗sbR ×O(x) , λWB˜ ∼ Y∗s2cbR (in the TS5)
λWB˜ = λZB˜ = λhB˜ = Y∗s1cbR (in the TS10)
In the TS5, B˜ can decay into Z(/h)b via the electroweak mixing with B′ and with
B−1/3, without paying for a suppression by s2. The decay of B˜ into Wtb, instead, is
suppressed by s2. We have λZ(/h)B˜ ∼ Y∗
(
Y∗v√
2
cbRMB˜+MB′
M2
B˜
−M2
B′
)
sbR  λWB˜ ∼ Y∗s2cbR.
Therefore, in the TS5, BR
(
B˜ → Z(/h)b
)
 BR
(
B˜ →Wt
)
and we will neglect
the B˜ contribution to the G∗ → ψχ→Wtb signal.
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Figure 4.5. Heavy Fermion total decay widths in the TS5, as functions of the heavy
fermions mass, for different values of the top degree of compositeness, sR, and for Y∗ = 3.
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For the Branching Ratios in the TS5, we find:
BR (T → ZLt) ' 50% BR (T → ht) ' 50% .
BR (B →WLt) ' 100%
BR
(
T˜ →WLb
)
' 50% BR
(
T˜ → ZLt
)
' 25% BR (t˜→ ht) ' 25%
BR
(
B˜ → ZLb
)
' 50% BR
(
B˜ → hb
)
' 50%
The Branching Ratios in the TS10 are the same as in the TS5, apart from those of
B˜, for which we have:
BR
(
B˜ →WLt
)
' 50% BR
(
B˜ → ZLb
)
' 25% BR
(
B˜ → hb
)
' 25% (TS10)
Since the heavy fermions are much heavier than their decay products, these BRs are
essentially independent on the mass of the heavy fermions.
Considering this pattern of decays, we can identify three search channels: Wtb,
Z(/h)tt¯, Z(/h)bb¯.
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Figure 4.6. The three G∗ → ψχ Search channels.
The Z(/h)bb¯ channel has a signal from G∗ only if bR is not too much elementary,
therefore it could be a very interesting test to establish the bR degree of compositeness.
Wtb and Z(/h)tt¯ channels, besides being promising for extracting information on
the model parameters, prove to be very good channels for the G∗ discovery. Indeed,
the presence in the signal of heavy fermion resonances allows for a clean distinction
between the signal and the background; the Z(/h)bb¯ and Z(/h)tt¯ channels could be
also promising for the Higgs searches.
An analysis of all these channels should be very interesting. We will focus our
analysis on one of them. In order to select the most promising one for a quick
discovery at the LHC, we look first at the cross section values for these search
channels at the LHC.
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We show in Fig. 4.7 the cross section values for the three search channels at the
14 TeV LHC. These values have been obtained from a Monte Carlo simulation,
using MADGRAPH/MADEVENT v4 (with only minimal cuts6). We implemented
our TS5 model in MADGRAPH, making use of the FeynRules package. We have
calculated the cross section values of the pp→ G∗ → χψ → Wtb, Z(/h)tt, Z/(h)bb
processes, then we have multiplied them by the theoretical values for the BRs of the
decays: Wtb→ lνjjbb, Z(/h)tt→ (Z(/h)→ bb)lνjjbb, Z(/h)bb→ (Z(/h)→ bb)bb.
These decays are those we guess to be the most suitable for a search analysis at the
LHC. the Z decays into leptons would bring to cleanest final states, but to rather
low values of the cross section, BR(Z→l
+l−)
BR(Z→bb¯) ' 0.44. The semileptonic decay channel
Wtb → lνjjbb is considered the gold channel in the studies of tt¯ resonances; the
cross section for semileptonic decay is lower than the one from a fully hadronically
decay; the semileptonic channel, however, differently from the all-hadronic one, has
not to confront the large dijet background. A study of the all-hadronic channel
could be interesting, even though a “top-tagging” procedure, as the one described
in [37], should be needed. The cross section values in Fig. 4.7 are shown as function
of the heavy gluon mass. They are evaluated in the intermediate scenario where
MT < MG∗ < 2MT ; we fix the ratio between heavy gluon and heavy (doublet)
fermion mass as MG∗/MT = 1.5.
Fig. 4.7 shows an exponential decrease of the cross section with the G∗ mass. This
is a consequence of the exponential decrease of the G∗ production cross section with
MG∗. We remind that the heavy gluon is produced in a Drell-Yan process; the
production by gluon fusion is forbidden at tree level, by gauge invariance.
As we can see from Fig. 4.7, the Wtb channel has the highest cross section values.
An analysis of the Wtb channel is simpler than an analysis of the Z(/h)tt channel;
in particular, there is a lower number of final states and of jets. Moreover, the Wtb
channel has the advantage to include the decay of the G∗ into top pairs, which is
the usual search channel for the G∗ discovery. This, as we will discuss afterwards,
could provide hints on the tR degree of compositeness. The Z(/h)bb channel has
also high cross section values, but, as already said, it strongly depends on the bR
degree of compositeness (BR(G∗ → B˜bR) ∝ s2bR).
We show in Fig. 4.8 the BRs for the G∗ decays in all the possible channels (in the
TS5 model), for several top degrees of compositeness. We consider the intermediate
scenario (MT < MG∗ < 2MT ) and we set: tan θ3 = 0.44 and Y∗ = 3. This clarifies
the yield for the different search channels. In the figure, tt¯ denotes the G∗ decay
to top pairs and is not included in Wtb, which denotes only the heavy-light decays
G∗ → ψχ → Wtb. We will further discuss in sec. 4.4 the relative amount of the
ψχ and tt¯ components in the G∗ → Wtb signature. qq¯ denotes the BR for the G∗
decays into pairs of light quarks, q = u, d, c, s. χχ those for the G∗ decays into pairs
of custodian heavy fermions; these heavy fermions, we remind, become increasingly
lighter when the degree of compositeness of the left-handed top increases (i.e., when
sR decreases).
Finally, Fig.s 4.9, obtained for tan θ3 = 0.2, clearly illustrate that, while large
branching fractions for the heavy-light decays are mainly implied by the kinematics
6 We apply only a cut on the bottom transverse momentum, pTb > 20 GeV. We set factorization
and renormalization scales, Q = MG∗.
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and as such are a robust prediction, the value of BR(G∗ → qq¯) is strongly dependent
on tan θ3 and can thus be easily made small. The left plot refers to the same
benchmark point adopted in Ref. [30], sR = 1, tan θ3 = 0.2, Y∗ = 3 (sinϕL1 = 0.33);
in this case the tt¯ channel largely dominates over the others until the threshold
MG∗ = 2MT5/3 , as a consequence of the full degree of compositeness of the right-
handed top. The right plot, obtained for a slightly smaller degree of compositeness
of tR, sR = 0.8, and for tan θ3 = 0.2, Y∗ = 3, however, shows that, with just a
small variation from the case of a fully composite tR, the tt¯ branching ratio is sub-
stantially reduced while those of the heavy-light channels, especiallyWtb, are sizable.
Taking into account all these considerations, we focus our analysis on the Wtb
channel. An analysis of the other heavy-light channels, anyway, remains very
interesting, especially if heavy colored vectors are discovered in the Wtb channel.
It can provide further information on the model and a check of the model predictions.
4.3 Analysis of the Wtb channel
We analyze the Wtb channel in the intermediate scenario (and in particular in the
region MT < MG∗ < 2MT5/3). We fix the ratio between the G∗ and the heavy
fermions mass at the value MG∗/MT = 1.5 and we consider several G∗ masses.
Because of the Minimal Flavor Violating bound of ∼ 1 TeV on the mass of the
D ≡ (T,B) heavy fermions that we have obtained from b→ sγ in the first part of
this project, we do not consider MT values lower than 1 TeV. Therefore, we focus
our analysis on a region MG∗ & 1.5 TeV.
The constraint on G∗ mass coming from K − K¯ mixing, that we have discussed
on section 3.3, is quite strong, MG∗ & (11)g∗3Y∗ TeV
7, though it could still allow
for a relatively light G∗, if we had a ratio g∗3Y∗  1. Most importantly, this is a
bound that strongly depends on the flavor structure of the sector Beyond the SM. If
we consider BSM flavor scenario different from the one of anarchic Y∗ (where it is
assumed that there is no large hierarchy between elements within each matrix Y∗
and the quark mass hierarchy is completely explained by the elementary/composite
mixing angles), the constraint can be much softened. For example, recent studies
show that, if the strong sector is invariant under additional flavor symmetries [47–51]
or preserves CP [32], the heavy gluon can have a mass as light as a few TeVs and its
phenomenology is not qualitatively modified. In the following we will assume that
some mechanism is at work to alleviate the flavor bounds on MG∗.
We will consider in the analysis an intermediate degree of compositeness for the
top, sR = 0.6, and we will fix Y∗ = 3 and tan θ3 = 0.44, this latter corresponds to
g∗3 ' 3 for αS(MZ) = 0.118. g∗3 = Y∗ = 3 are reference values for composite models.
Summing up, we will consider in the analysis the following set of parameters and
assumptions:
tan θ3 = 0.44 sR = 0.6 Y∗ = 3
MG∗/MT = 1.5 MT = MB˜ = MT˜ (4.14)
7in the TS5, we remind, there is also a s1/s2 enhancement of this bound.
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Figure 4.7. Cross Section values (with only minimal cuts) for the three Search channels at
the 14 TeV LHC. We set MG∗/MT = 1.5. l ≡ e/µ.
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Figure 4.8. BRs for the G∗ decays in the different search channels, as functions of MG∗ ,
for several values of the top degrees of compositeness, considering the intermediate scenario
where MT < MG∗ < 2MT . We set MT = 1 TeV, tan θ3 = 0.44, Y∗ = 3. The decay channel
htt¯ (hbb¯) has the same BR of Ztt¯ (Zbb¯).
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Figure 4.9. BRs of G∗ to the various final channels as functions of MG∗ . Compared
to Fig.s 4.8, we set a smaller tan θ3 value, tan θ3 = 0.2. The plot on the left is obtained
for a fully composite tR, sR = 1, that on the right for sR = 0.8. Both plots are done fixing
MT = 1TeV and Y∗ = 3.
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Figure 4.10. χψ Signal in the Wtb channel.
Our final results will be quite independent of the specific values of Y∗, since the
latter determine basically only the decay width of the heavy fermions 8. We will
discuss on Sec. 4.7 the dependence on the tan θ3 and sR values.
The χψ component of the Wtb signal is made for two third of a left-handed bottom
with its heavy partner B and for one third of a right-handed top with its heavy
partner T˜ .
pp→ G∗ → χψ ≡ bLBL (67%) , tRT˜R (33%) →Wtb
The percentages we indicate refer to the TS5 model with the assumptions: sbR = s1,
sR = 0.6. The ψχ composition is model dependent and can vary with the different
models. The other component of the Wtb signal comes from the G∗ → t¯t decays.
The importance of this component depends on the top degree of compositeness (we
will deepen this question on sec. 4.4). For sR = 0.6 the G∗ decays into tt¯ pairs
constitutes about the 19% of the Wtb signal (before the acceptance cuts).
8We point out, however, that a dependence on Y∗ is implicit in the evaluation of the q3L degree
of compositeness, s1. In our model, s1 =
√
2mt
Y∗vsR
. This implies a dependence of the G∗ decay BRs
on Y∗, that is anyway soft, if we remain in a scenario of a not fully composite q3L.
46 4. Heavy colored vectors at the LHC
4.3.1 Signal and Background Simulation
We look for the Signal
qq¯ → G∗ → χψ¯ + ψχ¯ (+tt¯)→ l±νbb¯qq¯′ (4.15)
at the hard scattering level. The physical final state observed in the ATLAS or CMS
detector is of the form:
l± + n jets+ 6 ET , l = e, µ . (4.16)
We generate both the signal and the SM background events at the partonic level.
We do not include detector effects in our analysis, except for a gaussian smearing on
the jets; we smear both the jet energy and momentum absolute value by ∆E/E =
100%/
√
E/GeV , and the jet momentum direction using an angle resolution ∆φ =
0.05 radians and ∆η = 0.04.
Signal events have been generated with MADGRAPH. The background to our
signal comes mostly from WWbb¯, which includes the resonant sub-processes Wtb→
WWbb (single top) and tt¯ → WWbb; the latter, in particular, gives the largest
contribution after the acceptance cuts of eq. (4.18). other relevant backgrounds
are W (→ lν)bb¯ + jets and W (→ lν) + jets. We do not include other reducible
backgrounds which are expected to be subdominant, in particular: bb¯+ jets, where
one light jets is misreconstructed as a lepton (it should be possible to reduce it down
to a negligible level by requiring enough missing energy in the event); single-top
processes, t + jets, tb + jets, Wt + jets (after the request of two b-tags all these
backgrounds are expected to be much smaller than Wtb 9, which is included in our
analysis) 10. We have simulated the background WWbb¯ with MADGRAPH and the
remaining background samples with ALPGEN [35]11. The background Wbb+ jets
includes the samples Wbb+ 1J , Wbb+ 2J , Wbb+ 3J and the W + jets the samples
W + 3J and W + 4J . Including all these samples with increasing multiplicity of light
jets in the final state is redundant, and in principle leads to a double counting of
kinematic configurations. A correct procedure would be resumming soft and collinear
emissions by means of a parton shower, and follow some matching technique to avoid
double counting. In our analysis we retain all the Wbb + nJets and W + nJets
samples, but the cuts we will impose suppress the events with larger number of jets
and thus strongly reduce the amount of double counting. Moreover, the W + jets
background will turn out to be much smaller than the others at the end of our
analysis, so that in this case the issue of double counting can be safely ignored.
The number of reconstructed jets in the detector (n in the eq. 4.16) depends in
9See for example Table 32 at page 32 of Ref. [35]
10Other backgrounds as WW + jets and WZ + jets can be neglected as well, once a b-tagging
procedure is applied. The cross section for WW + jets is only the ∼ 2% of the cross section for
W + jets. The cross section for WZ + jets is less than 1/2 of the WW + jets cross section. The
component WZ(→ bb¯) + jets is not suppressed by the b-tagging, but it has a low cross section
(∼ 950fb after the acceptance cuts) compared with the other backgrounds. Moreover it can be
easily suppressed by a cut on the b pairs invariant mass, Mbb &MZ , that has practically no effect
on the signal.
11 We have used the CTEQ6L1 pdf set. The samples for theWtb signal and the backgroundWWbb
have been generated in MADGRAPH using respectively the factorization and renormalization scales,
Q = MG∗ and Q =
√
M2W +
∑
b
p2T , where the last sum is over the pT of the b jets. The samples
for Wbb+ jets and W + jets have been generated in ALPGEN using the scale Q2 = M2W + p2T,W .
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general on the adopted jet algorithm and on its parameters. In our simple parton-
level analysis jets are identified by matching them directly on the quarks and gluons
from the hard scattering and imposing a set of acceptance and isolation cuts. We
will require n ≥ 3 and two among the jets to be b-jets. This choice is motivated by
the following analysis.
We calculate the number of reconstructed jets in the signal events for two different
jet isolation values: ∆Rjj′ & 0.4 and ∆Rjj′ & 0.7. If two jets are closer than
the separation ∆R, they are merged into a single jet whose four-momentum is the
vectorial sum of the jet momenta. The results in table 4.1 show that in the most
part of the signal events (about the 50%), the two light-jets, coming from the W ,
merge into a single ‘multiple’ jet. This is a feature of processes where a particle, as
the hadronically decaying W of our signal, comes from the decays of much heavier
particles, such as the G∗ or the heavy fermions. As a consequence, this particle is
very boosted and it decays to collimated particles that look like a single jet. We
can notice that, as naively expected due to the increasing boost of all the decay
products, the number of events with four jets decreases for larger G∗ masses, while
the fraction of events in which the hadronic W is reconstructed as a single jet
increases. We see also that for the cases of heavier G∗ and composite fermions, a
relevant part of the b-jets merges with the two light-jets in a single multiple-jet.
This situation corresponds to having a very boosted top that decays into collimated
particles. In order to analyze this type of events a specific strategy of top-tagging,
as the one described in [37], is needed. The use of boosted jet techniques can lead
to a better sensitivity on events with three jets, and allow the study of the extreme
case, most probable at high G∗ masses, in which the hadronically decayed top is
reconstructed as a single fat jet. On the other hand, while the SM (top or bottom)
quark originating from the G∗ decay is always highly boosted, for MG∗/Mχ = 1.5
(as we will consider in our analysis) the heavy quark is not (we will return to this
aspect in sec. 4.7). As a consequence, an event selection strategy which relies on
a large boost of all the decay products, adopted for example by some of the LHC
searches for heavy resonances decaying to tt¯ [38], might have a poor efficiency on
our topology of signal events.
Considering all we have discussed, in order to catch the most part of the signal,
we need a semi-inclusive analysis: we require at least three jets, reconstructed by
considering a jet cone size ∆R = 0.4. We also require a two b-jets tagging:
pp→ l± + n jets+ 6 ET (l = e, µ) , n ≥ 3 , 2 b tags (4.17)
The 2 b tags requirement allows for a very effective reduction of large backgrounds,
such as the W + jets. The requirement is also important to being able to identify
the Wtb final states of our signal and, therefore, to recognize, as we will show in the
next sections, the heavy fermion resonances.
We will introduce first the strategy of analysis and the results for the nominal
value of the LHC center-of-mass energy,
√
s = 14 TeV. Then (in sec. 4.6), we will
repeat the analysis considering the center-of-mass energy of the current runs at the
LHC,
√
s = 7 TeV.
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∆R = 0.4 ∆R = 0.7
MG∗ = 1.5 TeV 2j+2b 42% 12%
1j+2b 31% (1Mj+2b 18%) 49% (1Mj+2b 42%)
1j+1b 7.0% 19%
MG∗ = 2 TeV 2j+2b 29% 6%
1j+2b 42% (1Mj+2b 33%) 49% (1Mj+2b 45%)
1j+1b 10% 27%
MG∗ = 3 TeV 2j+2b 13% 2.7%
1j+2b 52% (1Mj+2b 46%) 47% (1Mj+2b 45%)
1j+1b 17% 37%
MG∗ = 4 TeV 2j+2b 7.5% 1.5%
1j+2b 53% (1Mj+2b 49%) 46% (1Mj+2b 45%)
1j+1b 25% 42%
Table 4.1. Percentages of the number of G∗ → ψχ signal events where the jet content is
reconstructed to be respectively 2j + 2b, 1j + 2b and 1j + 1b, as a function of the G∗ mass
for
√
s = 14 TeV. Mj denotes a ‘multiple’ jet. The reconstructed jet has to be inside the
hadronic calorimeter, we require |ηj | < 5 (|ηb| < 2.5, for the b-tagging), and it has to be not
too soft, we require pTj > 30 GeV.
4.3.2 Results after acceptance cuts
Our final states (4.16) have to be detectable with the ATLAS and CMS experiments;
the lepton (an electron or a muon) has to go inside the electromagnetic calorimeter
or the muon chambers (|η| < 2.5), otherwise it is missed. It has also to be enough
energetic to activate the lepton trigger. The jets, as well, have not to go outside
the hadronic calorimeter (|η| < 5) and they have not to be soft (pTj > 30 GeV), in
order to be distinguished from the jets in the Initial State Radiation (ISR) or in
underline events. Following the previous arguments, we require at least three jets,
reconstructed by considering a jet cone size ∆R = 0.4. This means that the jets have
to be separated from each other by an angular distance ∆R > 0.4; they have also
to be isolated from the lepton (∆Rlj > 0.4). In the case of b-jets, a rapidity value
in the central rapidity region (|η| < 2.5) is required for the b-tagging procedure.
Summing up, we do the following requirements. We require 1 lepton obeying
|ηl| < 2.5, pT l > 20 GeV
and at least 3 jets, among which we require 2 b-jets, obeying
∆Rjj′ > 0.4, ∆Rlj > 0.4, |ηj | < 5 (|ηb| < 2.5 for the b− TAG), pTj > 30 GeV.
(4.18)
The cross section values for the signal and the background after the application of
the acceptance and isolation cuts in (4.18) are shown in table 4.2. We also estimate
the cross section values after a procedure of b-tagging. We take into account a
b-tagging efficiency of 60% (that is of 36% for the tagging of both the 2 b-jets) and
a misidentification factor of 1/100 for the light jets to be tagged as b jets 12.
We see that after b-tagging the main background is the WWbb, which is made up
12We also consider combinatorial factors in the light-jets misidentification.
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(a) SIGNAL
σ [fb] After Acceptance Cuts σ [fb] After b-TAG
MG∗ = 1.5 TeV χψ 728 846 χψ 262 305
tt¯ 118 tt¯ 42.6
MG∗ = 2 TeV χψ 158 178 χψ 56.9 63.9
tt¯ 19.5 tt¯ 7.00
MG∗ = 3 TeV χψ 10.4 11.7 χψ 3.80 4.26
tt¯ 1.29 tt¯ 0.463
MG∗ = 4 TeV χψ 0.870 1.10 χψ 0.320 0.404
tt¯ 0.233 tt¯ 0.0837
(b) BACKGROUND
σ [pb] After Acceptance Cuts σ [pb] After b-TAG
WWbb 76.9 27.7
Wbb+ jets Wbb+ 1J 2.19 4.40 Wbb+ 1J 0.794 1.58
Wbb+ 2J 1.61 Wbb+ 2J 0.574
Wbb+ 3J 0.599 Wbb+ 3J 0.215
W + jets W + 3J 322 417 W + 3J 0.0675 0.108
W + 4J 95.1 W + 4J 0.0412
Total BCKG 498 29.4
Table 4.2. Cross Section values after the Acceptance Cuts and the b-tagging (
√
s = 14
TeV).
for the most part of tt¯ events. Wbb + jets events are also important, while the
W + jets events have a quite low cross section. The cross section for the signal, as
expected, decrease exponentially with the increasing of the G∗ mass (fig. 4.11).
4.3.3 Reconstruction procedure
The strong point of our analysis is the presence in the signal of heavy resonances,
both from the G∗ and the heavy fermions, that allow for a clean distinction between
the signal and the background. In order to distinguish with precision the resonance
of the heavy gluon in the total invariant mass distribution, Mall, we need to re-
construct the momentum of the neutrino from the missing energy. Once we have
reconstructed the neutrino momentum, our aim is to recognize the resonances of the
heavy fermions. To do this, we need to tag the Wtb final states of our signal (see
fig. 4.10). The heavy partners of the bottom decay into a W plus the top, therefore
they will produce a peak in the Wt invariant mass distribution, MWt. The heavy
partner of the top decays into a W plus a bottom and it will give a peak in the Wb
invariant mass distribution, MWb.
The transverse momentum of the neutrino can be reconstructed from the trans-
verse missing momentum; this latter can be estimated, considering a pTOTT = 0
hypothesis, as pmissT = −
∑
pT , where
∑
pT is the sum over the pT of all the de-
tected final states. We compute the transverse missing momentum by including a
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Figure 4.11. Cross Section values after the Acceptance Cuts and the b-tagging (
√
s = 14
TeV).
gaussian resolution σ(pmissx/y ) = a ·
√∑
ET /GeV , where
∑
ET is the total transverse
energy deposited in the calorimeters (from electrons, muons and jets). We choose
a = 0.49. 13 Once we have estimated the neutrino transverse momentum, we can
derive the neutrino longitudinal momentum, pz, by requiring that the neutrino and
the lepton reconstruct an on-mass-shell W , Mlν = 80.4 GeV. The condition
(El + Eν)2 − (plx + pνx)2 − (ply + pνy)2 − (plz + pνz)2 = M2W (4.19)
gives two solutions for pνz . For the events where the neutrino comes from the decay
of a top, as we will explain afterwards, we consider the invariant mass of the top
decay products, MW (→lν)b, and we select the solution that gives the MW (→lν)b value
closest to the top mass, mt = 174 GeV (we do this selection during the subsequent
top-tagging procedure). We take both of the two solutions otherwise (obviously
we take into account a weighting factor of 0.5 for these latter events). In this case,
we will require that both of the two reconstructed events, one for each of the two
solutions for the neutrino, have to respect the conditions that we will further impose.
We find that in the ' 20% of the events, both for the signal and the background, the
eq. (4.19) has imaginary solutions (this corresponds to the case of a quite off-shell
leptonically decayedW ). In this case we decide to throw out the event. Our neutrino
reconstruction procedure has, therefore, an efficiency of about the 80%.
Once we have reconstructed the momentum of the neutrino, we want to recognize
the top which is in our Wtb signal. To do this, we first reconstruct the leptonically
and hadronically decayed W s and then we consider all the possible Wb combina-
tions. The Wb pair that gives the MWb invariant mass closest to the top mass,
mt = 174 GeV, is selected as the pair coming from the decay of the top. The top
quadri-momentum is then reconstructed by summing on the quadri-momentum of
the W and of the b, that form the selected pair.
More in detail, we reconstruct the hadronically decayed W by summing on the
quadri-momentum of all the light jets. For the signal and the WWbb background,
13This numerical value, as well as the b-tagging efficiency and rejection rate and the resolution
parameters considered in the jet smearing, have been chosen according to the performance of the
ATLAS detector [54].
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(a) SIGNAL
ν t
MG∗ = 1.5 TeV χψ 0.81 0.99
tt¯ 0.82 1.0
MG∗ = 2 TeV χψ 0.80 0.99
tt¯ 0.83 1.0
MG∗ = 3 TeV χψ 0.79 0.99
tt¯ 0.82 1.0
MG∗ = 4 TeV χψ 0.77 0.99
tt¯ 0.82 1.0
(b) BACKGROUND
ν t
WWbb 0.82 1.0
Wbb+ jets 0.79 0.84
W + jets 0.80 0.92
Table 4.3. Efficiencies of the neutrino reconstruction (ν) and the top-tagging (t) proce-
dures, for signal and backgrounds (
√
s = 14 TeV).
we will reconstruct a ‘true’ W , for the W + jets and the Wbb+ jets backgrounds, we
will obtain a fictitious unphysical W . We reconstruct two leptonically decayed W s,
one for each of the two reconstructed neutrinos, that we obtained after the procedure
of neutrino reconstruction we have previously explained (therefore, considering that
we have two bs in the final state, we have to take into account six possible Wb
combinations). If the selected Wb pair is formed by a leptonically decayed W , we
select as the ‘true’ neutrino the one which comes from theW in the selected pair (the
other neutrino, with the leptonically decayed W from which this latter originates, is
thrown out).
In fig. 4.12 we show the distribution of the invariant mass of the selected Wb pair,
for a signal referred to a G∗ with a mass of 2 TeV and for the different backgrounds.
The peak we see next to 174 GeV corresponds, for the signal and the tt¯ background,
to a physical top resonance; the peak for the Wbb+ jets and W + jets backgrounds
does not correspond, instead, to a ‘true’ physical top; it is a consequence of the
procedure of top-tagging we used. At this level of the analysis, we do not want yet
to distinguish between the signal and the background. Our aim is to recognize the
top we know to be in the signal. Therefore, we choose to keep all the events in the
MWb range [80 GeV, 250 GeV ], in order to catch the most part of the signal.
We show in table 4.3 the efficiencies of the neutrino reconstruction (ν) and the
top-tagging (t) procedures, for signal and backgrounds.
Once we have recognized the W and the b that come from the decay of the
reconstructed top, we are also able to tag the ‘other’ (which are not part of the
reconstructed top) W and b as the particles that form, with the reconstructed top t,
our Wtb final state14. This allows us to calculate the MWt and MWb distributions
and to find the peaks from the heavy fermion resonances. In what follows, W and b
will always denote the W and the b of the Wtb final state, which are those coming
from heavy vectors decay and not from the decay of the reconstructed top. Obviously,
for the G∗ → tt¯ component of the G∗ signal, these W and b particles also come from
14 Again, in the case where the ‘other’ W is a leptonically decayed W , we take both of the two
leptonic W s, one for each of the two neutrinos we have reconstructed.
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Figure 4.12. Distribution of the invariant mass of the Wb pair we select as the one coming
from the decay of the top (by using the procedure explained in the text), for signal (with
MG∗ = 2 TeV) and backgrounds.
the decay of a top, which is the other not tagged top. This is also true for the tt¯
component of the WWbb background.
4.3.4 Preliminary cuts on pT
At this point of the analysis, we can start to distinguish between the signal and the
background. As we will show in the next section, it will be very effective for this
purpose to look at the invariant mass distributions Mall, MWb and MWt, where, for
the signal, we will recognize peaks in correspondence of the high mass values of the
heavy colored vectors.
Before considering the invariant mass distributions, we can apply a preliminary
selection on the events. We identify several cuts at ‘zero cost’ for the signal; these
are simple cuts on pT that throw out less than the 3% of the signal events and
that already give a significant contribution in reducing the background. This is a
consequence of the fact that the signal final states are generally more energetic than
the background ones, because they come from the decays of heavy particles, such as
the heavy colored vectors.
We find that the W , the bottom and the top in the Wtb final state of our signal, that
we have reconstructed by using the procedure explained in the previous section, are
very energetic particles. Their transverse momentum is a good variable to exploit in
the preliminary selection. It is useful as well to consider the pT of the hardest jet
(light-jet or b-jet) and of the second hardest jet in the events.
We show in Fig. 4.13 the distributions of the pT of the W , of the top and of the
bottom in the reconstructed Wtb final state and of the hardest (j(1)) and the second
hardest (j(2)) jet in the physical final state (4.16). We show the distributions for
the total background and for the signal referred to different G∗ mass values.
As expected, the signal with higher G∗ mass values has even more energetic final
particles. Considering this feature, we will choose the values of the cuts so as to have
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an individual efficiency of 97% on the signal at MG∗ = 1.5 TeV, which corresponds
to the less energetic case. Hence, we are sure that our cuts will not throw out more
than the 3% of the signal events, for all the G∗ masses above 1.5 TeV.
We include among the cuts at ‘zero cost’ a cut on the invariant mass of the light
jets, Mjets < 200 GeV, which, for the signal and theWWbb background, corresponds
to a cut on the invariant mass of the hadronic W . This cut is very effective to reduce
the components of the W + jets and Wbb+ jets backgrounds with high number of
jets. These components have small cross section values at the beginning (as predicted
by perturbation theory), but they could be not negligible after the selection we will
do by considering essentially very energetic particles in the final state. The cut
Mjets < 200 GeV has an efficiency of 1.0 for the signal and the WWbb background;
the efficiencies for the Wbb+ jets and the W + jets backgrounds are, instead, of
0.72 and of 0.84 respectively. In particular, the Wbb+ jj sample is reduced by the
45% and the Wbb+ jjj by the 87%. Therefore, This cut allows us to neglect the
backgrounds which are formed by Wbb plus more than three light jets in the final
state. We can neglect, as well, the backgrounds with W and more than four light
jets.
We show in Fig. 4.14 the Mjets distribution for the signal with MG∗ = 2 TeV and
for the different components of the background. Since we are performing an analysis
at parton level, we obtain a peak at Mjets = 0, that comes from the backgrounds
with only one light jet. The signal and the WWbb background, as expected, have a
resonance peak close to the hadronic W mass, MW = 80.4 GeV. The components of
the background with high number of light jets are distributed on high Mjets values,
therefore they are effectively reduced by the cut Mjets < 200 GeV.
The cuts at ‘zero cost’ we impose after top tagging are the following:
pTj(1) > 175 GeV, pTj(2) > 85 GeV ,
pTtop > 110 GeV, pTW > 110 GeV, pTb > 70 GeV ,
Mjets < 200 GeV (4.20)
j(1) denotes the hardest jet (light-jet or b-jet), j(2) is the second hardest jet; W
and b are not part of the tagged top.
The cuts are chosen so as to have an individual efficiency of 97% on the signal at
MG∗ = 1.5 TeV.
We show in Tab. 4.4 the efficiencies of the cuts on pT at ‘zero cost’ (4.20), for
signal and background. After top tagging, more than the ∼ 90% of the signal events
pass the zero cost cuts, while the number of events for the background reduces to
the ∼ 3% of its initial value 15.
We show in Tab. 4.5 (and in Fig. 4.15) the cross section values for signal and
background that we have obtained after applying the cuts at ‘zero cost’.
4.3.5 Discovery analysis - Invariant mass regions
A very efficient way to distinguish between the signal and the background is looking
at the invariant mass distributions: Mall, MWb and MWt; where we can exploit the
15The cuts are a little bit less efficient for the tt¯ component of the signal. Anyway, we can ignore
this aspect, since our analysis will be focused on the ψχ component, as we will further explain.
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Figure 4.13. Distribution of the pT of the hardest (j(1)) and the second hardest (j(2)) jet
in the events and of the W , the top and the bottom in the reconstructed Wtb final state.
The red line denotes the distribution for the total background; in the same plot, we show the
distributions for a signal with MG∗ = 1.5, 2, 3 TeV.
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Figure 4.14. Distribution of Mjets for the signal with MG∗ = 2 TeV and for the different
components of the background.
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Figure 4.15. Cross Section values after the cuts at ‘zero cost’ (4.20) (
√
s = 14 TeV).
presence in the signal of heavy resonances, both from the G∗ and the heavy fermions.
We remind that W , b, t denote the particles in the reconstructed Wtb final state of
our signal (Fig. 4.10): t is the tagged top, W and b are not part of the tagged top.
The distribution of the signal events in the total invariant mass, Mall, will show
a peak in correspondence of the G∗ mass, those in MWb and in MWt will show
resonance peaks from the heavy partner of the top (T˜ ) and from the heavy partner
of the bottom (B) respectively.
We have set for simplicity MT˜ = MB (= MG∗/1.5); this should represent a quite
realistic setting, since there is not a theoretical reason for a heavy fermion to be
much heavier (or lighter) than the others. As consequence of the almost degeneracy
in the heavy colored vector masses, the component of the signal which is not resonant
in the MWb distribution, G∗ → bB, distributes quite close to the T˜ mass anyway.
The same occurs for the G∗ → tT˜ component in the MWt distribution. We can
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pTb pTtop pTW pTj(1) pTj(2) Combined Cuts
MG∗ = 1.5 TeV χψ 0.99 0.97 0.98 0.98 0.98
tt¯ 0.85 0.98 0.89 0.87 0.91
0.97 0.97 0.97 0.97 0.97 0.89
MG∗ = 2 TeV χψ 1.0 0.98 0.99 1.0 0.99
tt¯ 0.84 0.97 0.89 0.87 0.90
0.98 0.98 0.98 0.99 0.98 0.93
MG∗ = 3 TeV χψ 1.0 0.99 1.0 1.0 0.99
tt¯ 0.81 0.94 0.83 0.77 0.85
0.98 0.99 0.99 0.98 0.98 0.94
MG∗ = 4 TeV χψ 1.0 0.99 1.0 1.0 1.0
tt¯ 0.78 0.89 0.75 0.65 0.77
0.95 0.96 0.95 0.93 0.95 0.88
WWbb 0.55 0.47 0.27 0.082 0.32 0.032
Wbb+ jets 0.46 0.32 0.38 0.21 0.37 0.034
W + jets 0.47 0.36 0.29 0.19 0.31 0.050
Total BCKG 0.54 0.46 0.28 0.089 0.32 0.032
Table 4.4. Efficiencies of the cuts on pT at ‘zero cost’ (4.20), for signal and background
(
√
s = 14 TeV).
check these features in Fig. 4.16(a), where we show the invariant mass distributions,
Mall, MWt and MWb for the signal with MG∗ = 2 TeV (after the cuts at ‘zero cost’).
In the MWb distribution we can also recognize a bump near the top mass from the
G∗ → tt¯ component. The MWt distribution shows a more narrow resonance than
the one in MWb. This is due to the fact that the MWt continuum, formed by the
G∗ → tT˜ and the tt¯ components, constitutes about one third of the G∗ signal and
the most part of the signal comes from G∗ → bB.
The background distributes on low values of the invariant mass distributions, as Fig.
4.16(b) shows. In particular, the MWb distribution for the background has a high
peak in correspondence of the top mass; the most part of the background, indeed,
comes from tt¯ events. For higher MWb values, the Wbb + jets and the W + jets
components of the background become relevant, as Fig. 4.16(b) shows.
After the application of the cuts at ‘zero cost’, we can already recognize signal
excesses, by looking at the invariant mass distributions, Mall, MWt and MWb, as Fig.
4.16(c) shows for a signal with MG∗ = 2 TeV. An even clearer distinction between
the signal and the background can be obtained with the following strategy.
The Main Strategy - We can clearly distinguish between the signal and the
background by considering 2D scatter plots of the Mall, MWt and MWb invariant
mass distributions:
Mall vs MWb , MWt vs MWb and Mall vs MWt .
The background is predominantly distributed on low invariant mass values, while the
signal distributes close to the high values of the heavy colored vector masses. We can
thus isolate an invariant mass region at low invariant mass values, that we treat as the
‘background region’, and we can search for our heavy colored vector resonances in the
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(a) Invariant mass distributions, Mall, MWt and MWb for the signal with MG∗ = 2 TeV (MT˜ =
MB = 1.33 TeV).
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(b) Invariant mass distributions (in Log Scale), Mall, MWt and MWb for the total background and
for the different components of the background.
 [GeV]
allM
0 500 1000 1500 2000 2500 3000 3500 4000
# 
of
 E
ve
nt
s 
/ 4
0 
G
eV
-110
1
10
210
310 SIGNAL + BCKG
SIGNAL
BCKG
allM  
-1
 L = 10 fb∫ = 14 TeV    s
 [GeV]WbM
0 500 1000 1500 2000 2500
# 
of
 E
ve
nt
s 
/ 2
5 
G
eV
-110
1
10
210
310
SIGNAL + BCKG
SIGNAL
BCKG
WbM  
-1
 L = 10 fb∫ = 14 TeV    s
 [GeV]WtM
0 500 1000 1500 2000 2500
# 
of
 E
ve
nt
s 
/ 2
5 
G
eV
-110
1
10
210
310
SIGNAL + BCKG
SIGNAL
BCKG
WtM  
-1
 L = 10 fb∫ = 14 TeV    s
(c) Invariant mass distributions (in Log Scale), Mall, MWt and MWb for the signal with MG∗ = 2
TeV plus the total background.
Figure 4.16. Invariant Mass Distributions, Mall, MWt and MWb, after the cuts at zero
cost (
√
s = 14 TeV).
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(a) SIGNAL
σ [fb]
MG∗ = 1.5 TeV χψ 192 216
tt¯ 23.7
MG∗ = 2 TeV χψ 42.7 46.6
tt¯ 3.93
MG∗ = 3 TeV χψ 2.91 3.14
tt¯ 0.225
MG∗ = 4 TeV χψ 0.246 0.278
tt¯ 0.0318
(b) BACKGROUND
σ [fb]
WWbb 724
Wbb+ jets Wbb+ 1J 25.9 35.8
Wbb+ 2J 9.30
Wbb+ 3J 0.627
W + jets W + 3J 2.90 4.05
W + 4J 1.15
Total BCKG 764
Table 4.5. Cross Section values after the cuts at ‘zero cost’ (4.20) (
√
s = 14 TeV).
remaining ‘signal region’. We have checked that once a ‘background region’ is isolated,
the excess of signal is evident in the invariant mass regions, also for the cases of lower
signal cross sections, MG∗ = 3, 4 TeV (obviously, we need a sufficient integrated lumi-
nosity). Once we have identified the signal excess, we can refine combined cuts in the
invariant mass distributions to obtain the final discovery of the heavy colored vectors.
We show in Fig.s 4.17, 4.18 and 4.19 the contour plots of the 2D invariant mass
distribution Mall vs MWb, Mall vs MWt and MWt vs MWb respectively, for the
background and for the signal with MG∗ = 1.5, 2, 3, 4 TeV. These contour plots have
been obtained from scatter plots of the expected number of events, after the ‘zero
cost’ cuts, for the background plus the different signals at an integrated luminosity
of 10 fb−1 collected at the 14 TeV LHC. The number of events for the signal with
MG∗ = 3(4) TeV has been multiplied by 10(100) in order to better visualize these
signals together with the background.
The contour plots show the expected features for the signal and the background:
the background distributes predominantly on low invariant mass values and, in
particular, it distributes in a region near the top mass in the MWb invariant mass;
the ψχ signal distributes near the heavy colored vector masses; the tt¯ component of
the signal distributes on high invariant mass values (near the G∗ mass in Mall, near
the B mass in MWt) except for the MWb distribution, where it distributes near the
top mass, as for the most part of the background.
Now we will follow the main strategy to discover our signal.
Since the most part of the signal lies near the small value of the top mass in the
MWb distribution, while the ψχ signal distributes near the high value of the T˜ mass,
a very efficient selection could be obtained by cutting the events with MWb . mt.
However, such a cut would throw out also the tt¯ component of the signal. In our first
selection we will preserve this component by choosing a different cut in MWb. This
will allow us to discover with a unique analysis both the ψχ and the tt¯ components
of the signal. The simultaneous presence of the two types of the G∗ signal allows
for a quick check on the model and also to extract in a simple way information on
the top degree of compositeness, as we will explain in sec. 4.9. However, clearer
discoveries (with higher S/B ratios) can be achieved following distinct strategies for
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Figure 4.17. contour plots of the 2D invariant mass distribution Mall vs MWb for the
background and for the signal with MG∗ = 1.5, 2, 3, 4 TeV (
√
s = 14 TeV). [The number of
events for the signal with MG∗ = 3(4) TeV has been multiplied by 10(100)].
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Figure 4.18. contour plots of the 2D invariant mass distribution Mall vs MWt for the
background and for the signal with MG∗ = 1.5, 2, 3, 4 TeV (
√
s = 14 TeV). [The number of
events for the signal with MG∗ = 3(4) TeV has been multiplied by 10(100)].
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Figure 4.19. contour plots of the 2D invariant mass distribution MWt vs MWb for the
background and for the signal with MG∗ = 1.5, 2, 3, 4 TeV (
√
s = 14 TeV). [The number of
events for the signal with MG∗ = 3(4) TeV has been multiplied by 10(100)].
the two types of the G∗ signal. The G∗ → tt¯ signal could be discovered apart from
the ψχ signal, following the specific analysis until now developed in the ‘ordinary’
G∗ search at the LHC [30,31]. Therefore, our final analysis will be focused on the
discovery for the G∗ → ψχ signal. We will refine our cuts in the invariant mass
distributions in order to optimize the discovery for the signal G∗ → ψχ. A strong
point of our analysis, that makes it different from the previous searches for the G∗,
will be the possibility to effectively suppress the background by cutting the events
with MWb . mt.
In order to discover the G∗ signal without throwing out the tt¯ component, we derive
the following cuts on the invariant mass distributions:
For MG∗ = 1.5 TeV:
Mall > 1.3 TeV and at least one of the conditions MWb > 0.8 TeV, MWt > 0.8 TeV
respected.
For MG∗ = 2 TeV:
Mall > 1.7 TeV && (MWb > 1.1 TeV || MWt > 1.1 TeV)
For MG∗ = 3 TeV:
Mall > 2.7 TeV && (1.4 TeV < MWb > 2.6 TeV || MWt > 1.4 TeV)
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For MG∗ = 4 TeV:
Mall > 3.6 TeV && (2.4 TeV < MWb > 3 TeV || MWt > 2.4 TeV) (4.21)
We have optimized the cuts to minimize the discovery luminosity. We first cut on
the total invariant mass, then we throw out the region at low invariant mass values
in the MWt vs MWb distribution, by imposing inclusive conditions on MWb and
MWt. This latter conditions preserve the G∗ → tt¯ events, that distribute near the
top mass in MWb but on high MWt values.
In order to minimize the discovery luminosity, we find also useful to refine the pT
cuts applied in (4.20). In particular, the cut on the hardest jet and on the b (which
is not part of the tagged top) give the highest significance values. For MG∗ = 1.5(2)
TeV we refine the cut pTj(1) > 275(400) GeV. For the cases of MG∗ = 3, 4 TeV, we
obtain a very high efficiency in the background suppression just after the application
of the cuts in the invariant mass values, therefore we do not need a further refining.
In Table 4.5 we show the final results of our analysis preserving the G∗ → tt¯
component of the signal. We apply the cut on the invariant mass values in (4.21)
and the refining cuts in pTj(1). S/B denotes the signal over background ratio. L5σ
denotes the integrated luminosity needed for a discovery at a significance of at least
5σ. We also impose that at the integrated luminosity of L5σ at least ten events
(both form signal or background) have passed all the cuts and are finally observed.
The statistical significance of the signal over the background is evaluated considering
a Poisson distribution for the number of events passing all the cuts. We define
the minimum integrated luminosity required for a discovery to be the integrated
luminosity for which a goodness-of-fit test of the SM-only hypothesis with Poisson
distribution gives a p-value = 2.85× 10−7, that corresponds to a 5σ significance in
the limit of a gaussian distribution [55].
We show also the results for the analysis at
√
s = 7 TeV. In this latter analysis we
have applied the same strategy and the same cuts used for the case of
√
s = 14 TeV,
except for a little variation in the values of the ‘zero cost’ cuts (4.24). The results for
the simulation and the analysis at
√
s = 7 TeV will be shown in detail in section 4.6.
The results obtained show the possibility for a G∗ with a mass up to ∼ 4 TeV to be
discovered at the 14 TeV LHC. The early stage of the LHC could discover a G∗ with
a mass up to ∼ 2 TeV. This result translates into the possibility for a heavy fermion,
bottom or top partner, with a mass roughly included in a range [MG∗/2 , MG∗ ] to
be discovered at the LHC together with the G∗. We remind that the results shown
refer to the setting (4.14), we are considering tan θ3 = 0.44 and sR = 0.6. In section
4.7 we will estimate the LHC discovery reach on the full parameter space: we will
consider the variation of MG∗, tan θ3 and sR. In section 4.5 we will show how the
clearness of the discovery cold be improved (we will obtain much higher S/B ratios)
by refining an analysis specific for the G∗ → ψχ channel.
We show in Fig. 4.20 the final invariant mass distributions, Mall, MWt and MWb
for the signal with MG∗ = 2 TeV plus the remaining background.
We can clearly distinguish the resonances of the G∗, the B and the T˜ . As expected,
the application of the cuts in 4.21 has preserved the G∗ → tt¯ component of the
signal. In the MWb distribution we can distinguish a bump near the top mass from
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√
s = 14 TeV
√
s = 7 TeV
L5σ S/B L5σ S/B
MG∗ = 1.5 TeV 57 pb−1 6.2 0.40 fb−1 7.4
MG∗ = 2 TeV 0.24 fb−1 9.7 3.8 fb−1 6.6
MG∗ = 3 TeV 4.0 fb−1 5.4
MG∗ = 4 TeV 63 fb−1 3.6
Table 4.6. Results for the analysis preserving the G∗ → tt¯ component of the signal.
L5σ denotes the integrated luminosity needed for a 5σ discovery at the LHC, S/B the
Signal/Background ratio.
the G∗ → tt¯ signal and also from the most part of the background. The final MWb
distribution proves that the residual part of the background mainly distributes
around the top mass. This clarify the effectiveness of imposing a cut MWb & mt in
the analysis we will perform for the ψχ channel.
The final MWb distribution in 4.20(c) could be useful to extract information on
model parameters, such as the top degree of compositeness, as we are to explain in
the following section.
4.4 Information on the top degree of compositeness
The importance of the component G∗ → tt¯ in the signal is related to the degree of
compositeness of the top, sR. As we can check from the variation of the G∗ decay
BRs with different sR values (Fig.s 4.2, 4.3, 4.4), the BR for the G∗ decay into top
pairs increases when sR approaches its maximum value of 1. As a consequence, for
larger sR values, the BR for the G∗ decay into a SM fermion plus its heavy partner
reduces.
In Fig. 4.21 we show the result of the calculation of the relative amount of the
components G∗ → tt¯ and G∗ → ψχ in our G∗ →Wtb signal as functions of the top
degree of compositeness. The result agrees with the expected trend of the G∗ BRs
with larger sR values and it shows that the tt¯ component slightly prevails on the
ψχ one even in the case of small sR values. This is a reasonable result since a small
sR value corresponds to a large s1 value, i.e. to a case of an almost fully composite
left-handed top. The BR for the G∗ → tLt¯L decay is therefore high in the case of a
large s1 value. Fig. 4.21 proves that the ψχ component of the signal is maximum for
intermediate top degree of compositeness, such as for the case sR = 0.6, that is the
case we analyze, and it reduces slightly for small sR values and quite significantly
for sR values close to 1. In this latter case, the number of events that lie near the
top mass in the MWb distribution should be larger than the one expected from Fig.
4.21 in the case sR = 0.6. The increase of this number, compared to the predicted
value at sR = 0.6, could give an information on the true value of the top degree of
compositeness.
An increase of the number of events near the top mass in the MWb distribution
should also occur, even though to a slighter extent, when sR approaches its minimum
value (which is of about 0.4 for Y∗ ∼ 3). However, as we will explain in sec. 4.9, the
limit case of an almost fully composite left-handed top makes difficult the discovery
of the G∗ both in the tt¯ and in the ψχ channel. This is due to the predominance of
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(a) Final total invariant mass distribution for the
signal with MG∗ = 2 TeV (MT˜ = MB = 1.33 TeV)
plus the remaining background.
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(b) Final MWt distribution for the signal with
MG∗ = 2 TeV (MT˜ = MB = 1.33 TeV) plus the
remaining background.
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(c) Final MWb distribution for the signal with MG∗ =
2 TeV (MT˜ = MB = 1.33 TeV) plus the remaining
background.
Figure 4.20. Final invariant mass distributions, Mall, MWt and MWb, after the analysis
preserving the tt¯ component of the signal (
√
s = 14 TeV).
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Figure 4.21. Components of the Wtb signal (tt¯, red curve, ψχ, thick black curve), as
function of the tR degree of compositeness (sR).
the G∗ decays into pairs of custodians. These latter, indeed, become quite light in
the limit of an almost fully composite left-handed top and can be produced in pairs
in the decays of the G∗. We point out that this limit case is quite disfavored by the
electro-weak data [27], anyhow.
The plot in 4.21 can be also read as an indication to follow one or the other
analysis, the one for the G∗ discovery into the tt¯ channel or that focused on the
G∗ → ψχ decay, depending on the expected sR value.
4.5 Results for the G∗ → ψχ search
The analysis performed until now has allowed to observe the G∗ → ψχ and the
G∗ → tt¯ signals simultaneously, giving the opportunity to quickly test the model and
to extract information on the top degree of compositeness. However, as we already
pointed out, the two components of the G∗ signal can be analyzed separately; the
G∗ → tt¯ signal can be more efficiently discovered by following the refining strategies
in [30, 31], the G∗ → ψχ signal, as well, can be more efficiently discovered16 by
following the strategy that we are to present.
As advanced, a strong point of this strategy will be the possibility to strongly
suppress the background by cutting the events with MWb . mt.
Refining Strategy - After the application of the cuts at ‘zero cost’ (4.20), we
consider again the invariant mass distributions, Mall, MWt and MWb. The more
efficient strategy that we find to discover the G∗ → ψχ signal is to apply first a cut
on the total invariant mass, Mall. It is useful to choose a quite mild cut on Mall, in
order to make an analysis quite independent on the specific values of the G∗ width
(and therefore on the tan θ3 parameter); the search strategy is finally optimized by
considering cuts on the MWb and the MWt distributions. The luminosity needed for
16and by applying invariant mass cuts easier than those applied in the previous analysis (4.21)
4.5 Results for the G∗ → ψχ search 65
the discovery can be minimized with a cut MWb & mt; Once we have imposed a cut
on MWb, we can further suppress the small remaining background by applying a
cut on MWt. The S/B ratio can then be maximized by optimizing the cut on MWt.
The optimized values of the MWb and MWt cuts can be chosen by looking at the
2D distributionMWt vs MWb, calculated after the application of the first cut onMall.
In Fig. 4.22 we show the MWt vs MWb distribution for the background and
for the signal with MG∗ = 2 TeV (MT = 1.33 TeV), after the application of a cut
Mall > 1.7 TeV. We can observe that the most part of the background distributes,
as expected, near the top mass in MWb. The cut MWb > 600 GeV minimize the
discovery luminosity for the signal with MG∗ = 2 TeV; after we have thrown out the
region MWb < 600 GeV, we can see that the residual part of the background can be
efficiently suppressed by a cut on MWt, MWt > 1.1 TeV, that preserves the most
part of the signal events.
We derive the following cuts on the invariant mass distributions, optimized to
minimize the integrated luminosity needed for the G∗ → ψχ discovery:
For MG∗ = 1.5 TeV:
Mall > 1.3 TeV , MWb > 0.4 TeV
For MG∗ = 2 TeV:
Mall > 1.7 TeV , MWb > 0.6 TeV
For MG∗ = 3 TeV:
Mall > 2.5 TeV , MWb > 0.6 TeV , MWb > 0.7 TeV
For MG∗ = 4 TeV:
Mall > 3.2 TeV , MWb > 0.7 TeV , MWt > 0.9 TeV (4.22)
We denote this set of cuts by SET (I).
The signal over background ratio, S/B, for the cases MG∗ = 1.5, 2 TeV, is then
maximized by imposing the following cuts (after the ‘zero cost’ cuts):
For MG∗ = 1.5 TeV:
Mall > 1.3 TeV , MWb > 0.4 TeV , MWt > 0.9 TeV
For MG∗ = 2 TeV:
Mall > 1.7 TeV , MWb > 0.6 TeV , MWt > 1.1 TeV
For MG∗ = 3 TeV:
Mall > 2.5 TeV , MWb > 0.6 TeV , MWt > 0.7 TeV
For MG∗ = 4 TeV:
Mall > 3.2 TeV , MWb > 0.7 TeV , MWb > 0.9 TeV (4.23)
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We denote this set of cuts by SET (II).
The SET (II) is given by the SET (I) plus a cut onMWt. For the casesMG∗ = 3, 4
TeV the cuts that minimize the discovery luminosity are also those that maximize
the S/B ratio. For these cases of heavier G∗, MG∗ = 3, 4 TeV, the cuts that optimize
the discovery are basically those which preserve as much as possible of the signal
events; the events of the signal from heavier composite resonances, indeed, distribute
on very high value of the invariant masses, Mall, MWb, MWt; as a consequence the
background is very suppressed by just mild cuts. We impose limit values that are
faraway from the heavy resonance peaks; for example, the lower limit of 3.2 TeV,
imposed on the total invariant mass in the case of a signal with MG∗ = 4 TeV,
corresponds to a cut Mall & (MG∗ − 4Γ(G∗)).
We show in Tab. 4.7 the cross section values for signals and backgrounds after the
application of the cuts that minimize the discovery luminosity, SET (I) in (4.22),
and we show in Tab. 4.8 the cross section values for signals and backgrounds after
the cuts that maximize S/B, SET (II) in (4.23).
The statistical error associated to the cross section values has been calculated by
considering a Poisson distribution for the number of events passing the cuts. 17
4.6 Prospects for the discovery at the early LHC
We repeat the analysis for the case
√
s = 7 TeV, which is the center-of-mass energy
of the current runs at the LHC. We can follow the same strategy adopted for the√
s = 14 TeV case, with only a small variation in the values of the cuts at ‘zero cost’.
This is because the cuts are optimized to exploit the peculiar kinematics of the signal,
and a change in the collider energy mainly implies a rescaling of the production cross
sections of signal and background via the parton luminosities, without affecting the
kinematic distributions.
17We calculate the cross section after the application of a cut as
σ = n
L
,
where n is the number of *simulated* events that have passed the cut and L is the integrated
luminosity that we have reached in the *simulation*.
We consider a Poisson distribution for the true value of the number of events passing the cut, λ,
given the observed number, n:
f(λ|n) = λe
−λ
n! .
λ has a variance, V ar[λ] = n+ 1; the variance we associate to the cross section is therefore
V ar[σ] = n+ 1
L2
.
If, after the cuts, we obtain zero events in a particular sample, we fix an upper limit at 68% C.L.
on the cross section given by 1.1
L2 . I thank C. Bini to having suggested this way to evaluate the
statistical error.
When we sum over different cross section values, the error is summed in quadrature. We also
consider that the cross section has to be a positive number; if in a particular sample we have
obtained zero events and we have fixed an upper limit on the cross section of this sample, we do
not add this error in the evaluation of the lower limit on the total cross section; therefore, in these
cases, we report an asymmetric error on the total cross section.
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Figure 4.22. Scatter plots of MWt vs MWb distribution for the background and for the
signal with MG∗ = 2 TeV (MT = 1.33 TeV), after the application of a cut Mall > 1.7 TeV
(
√
s = 14 TeV).
√
s = 14 TeV SIGNAL BACKGROUND
SET (I) σ [fb] σ [fb]
MG∗ = 1.5 TeV 175.7± 0.8 WWbb 3.9± 0.3 8.9± 0.3
Wbb+ jets 4.1± 0.1
W + jets 0.88± 0.04
MG∗ = 2 TeV 39.5± 0.2 WWbb 1.0± 0.2 2.4± 0.2
Wbb+ jets 1.10± 0.08
W + jets 0.31± 0.01
MG∗ = 3 TeV 2.76± 0.01 WWbb 0.02± 0.05 0.18± 0.05
Wbb+ jets 0.09± 0.02
W + jets 0.068± 0.007
MG∗ = 4 TeV 0.231± 0.001 WWbb < 0.04 0.019+0.04−0.007
Wbb+ jets 0.007+0.008−0.007
W + jets 0.012± 0.002
Table 4.7. Cross section values after the cuts that minimize the discovery luminosity, SET
(I) in (4.22). (
√
s = 14 TeV)
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√
s = 14 TeV SIGNAL BACKGROUND
SET (II) σ [fb] σ [fb]
MG∗ = 1.5 TeV 133.0± 0.7 WWbb 0.9± 0.2 3.3± 0.2
Wbb+ jets 1.97± 0.09
W + jets 0.42± 0.02
MG∗ = 2 TeV 32.3± 0.2 WWbb 0.13± 0.07 0.82± 0.08
Wbb+ jets 0.54± 0.04
W + jets 0.15± 0.01
MG∗ = 3 TeV 2.76± 0.01 WWbb 0.02± 0.05 0.18± 0.05
Wbb+ jets 0.09± 0.02
W + jets 0.068± 0.007
MG∗ = 4 TeV 0.231± 0.001 WWbb < 0.04 0.019+0.04−0.007
Wbb+ jets 0.007+0.008−0.007
W + jets 0.012± 0.002
Table 4.8. Cross section values after the cuts that maximize the S/B ratio, SET (II) in
(4.23). (
√
s = 14 TeV)
After we simulate at
√
s = 7 TeV our signal events with MADGRAPH and the
backgrounds using both MADGRAPH and MADEVENT18, we impose the same
acceptance cuts as for the case of
√
s = 14 TeV (4.18). We show in Tab. 4.9 the
values of the cross sections for signals and backgrounds after the acceptance cuts
and the b-tagging. As for the case
√
s = 14 TeV, we take into account a b-tagging
efficiency of 60% and a misidentification factor of 1/100 for the light jets to be
tagged as b jets.
We then repeat the procedure explained in sec. 4.3.3 for the reconstruction of
the neutrino and the tagging of the one top of our Wtb signal. We obtain efficiency
values of the neutrino reconstruction (ν) and the top-tagging (t), for signal and
backgrounds, very similar to those obtained at
√
s = 14 TeV (Tab. 4.10).
We apply a preliminary selection of the events, by exploiting cuts at ‘zero cost’
as the type of sec. 4.3.4. The cuts at ‘zero cost’ we impose after top tagging are the
following:
pTj(1) > 155 GeV, pTj(2) > 75 GeV ,
pTtop > 105 GeV, pTW > 90 GeV, pTb > 65 GeV ,
Mjets < 200 GeV . (4.24)
The cuts are chosen so as to have an individual efficiency of 97% on the signal at
MG∗ = 1.5 TeV.
We show in Tab. 4.11 the efficiencies of the cuts on pT at ‘zero cost’, for signal and
background, and in Tab. 4.12 the cross section values after we impose the cuts at
‘zero cost’.
18 as for the
√
s = 14 TeV case, we have used the CTEQ6L1 pdf set. The samples for the Wtb
signal and the background WWbb have been generated in MADGRAPH using the factorization
and renormalization scales, Q = MG∗ and Q =
√
M2W +
∑
b
p2T respectively. The samples for
Wbb+ jets and W + jets have been generated in ALPGEN using the scales Q2 = M2W + p2T,W .
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(a) SIGNAL
σ [fb] After Acceptance Cuts σ [fb] After b-TAG
MG∗ = 1.5 TeV χψ 82.5 98.8 χψ 29.8 35.7
tt¯ 16.3 tt¯ 5.85
MG∗ = 2 TeV χψ 9.08 11.0 χψ 3.29 4.00
tt¯ 1.96 tt¯ 0.714
MG∗ = 3 TeV χψ 0.106 0.271 χψ 0.0381 0.0975
tt¯ 0.165 tt¯ 0.0594
(b) BACKGROUND
σ [pb] After Acceptance Cuts σ [pb] After b-TAG
WWbb 13.5 4.84
Wbb+ jets Wbb+ 1J 0.584 0.865 Wbb+ 1J 0.210 0.312
Wbb+ 2J 0.281 Wbb+ 2J 0.102
W + jets W + 3J 78.7 97.1 W + 3J 0.0188 0.0277
W + 4J 18.4 W + 4J 0.00889
Total BCKG 111 5.18
Table 4.9. Cross Section values after the Acceptance Cuts (4.18) and the b-tagging (
√
s = 7
TeV).
(a) SIGNAL
ν t
MG∗ = 1.5 TeV χψ 0.81 0.99
tt¯ 0.82 1.0
MG∗ = 2 TeV χψ 0.80 0.99
tt¯ 0.80 1.0
MG∗ = 3 TeV χψ 0.80 0.99
tt¯ 0.82 1.0
(b) BACKGROUND
ν t
WWbb 0.81 1.0
Wbb+ jets 0.79 0.92
W + jets 0.80 0.95
Table 4.10. Efficiencies of the neutrino reconstruction (ν) and the top-tagging (t)
procedures, for signal and backgrounds (
√
s = 7 TeV).
The final discovery of our signal is then obtained by imposing the SET (I) of the
cuts that minimize the integrated luminosity needed for the discovery (4.22) and
the SET (II) of the cuts that maximize the signal over background ratio (4.23). We
show in Tab.s 4.13 and 4.14 the cross section values for signals and backgrounds
after we impose the SET (I) and the SET (II) of cuts, respectively.
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pTb pTtop pTW pTj(1) pTj(2) Combined Cuts
MG∗ = 1.5 TeV χψ 0.99 0.97 0.99 0.99 0.99
tt¯ 0.85 0.96 0.89 0.85 0.91
0.97 0.97 0.97 0.97 0.97 0.90
MG∗ = 2 TeV χψ 1.0 0.98 0.99 1.0 0.99
tt¯ 0.83 0.92 0.85 0.77 0.87
0.97 0.97 0.97 0.97 0.97 0.91
MG∗ = 3 TeV χψ 1.0 0.99 1.0 1.0 1.0
tt¯ 0.75 0.84 0.74 0.55 0.77
0.85 0.90 0.84 0.73 0.86 0.63
WWbb 0.59 0.46 0.38 0.10 0.42 0.042
Wbb+ jets 0.45 0.28 0.40 0.18 0.36 0.044
W + jets 0.47 0.34 0.34 0.19 0.35 0.054
Total BCKG 0.58 0.45 0.38 0.11 0.42 0.043
Table 4.11. Efficiencies of the cuts on pT at ‘zero cost’ (4.24), for signal and background
(
√
s = 7 TeV).
(a) SIGNAL
σ [fb]
MG∗ = 1.5 TeV χψ 22.2 25.4
tt¯ 3.21
MG∗ = 2 TeV χψ 2.51 2.85
tt¯ 0.342
MG∗ = 3 TeV χψ 0.0297 0.0486
tt¯ 0.0189
(b) BACKGROUND
σ [fb]
WWbb 167
Wbb+ jets Wbb+ 1J 7.78 9.95
Wbb+ 2J 2.17
W + jets W + 3J 0.831 1.14
W + 4J 0.309
Total BCKG 178
Table 4.12. Cross Section values after the cuts at ‘zero cost’ (4.24) (
√
s = 7 TeV).
√
s = 7 TeV SIGNAL BACKGROUND
SET (I) σ [fb] σ [fb]
MG∗ = 1.5 TeV 20.0± 0.1 WWbb 0.17± 0.06 0.72± 0.07
Wbb+ jets 0.43± 0.03
W + jets 0.121± 0.004
MG∗ = 2 TeV 2.28± 0.01 WWbb 0.06± 0.04 0.15± 0.04
Wbb+ jets 0.07± 0.01
W + jets 0.029± 0.002
MG∗ = 3 TeV 0.0301± 0.0002 WWbb < 0.03 0.007+0.03−0.004
Wbb+ jets 0.006± 0.004
W + jets 0.0013± 0.0005
Table 4.13. Cross section values after the cuts that minimize the discovery luminosity,
SET (I) in 4.22. (
√
s = 7 TeV).
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√
s = 7 TeV SIGNAL BACKGROUND
SET (II) σ [fb] σ [fb]
MG∗ = 1.5 TeV 14.9± 0.1 WWbb 0.06± 0.04 0.29± 0.04
Wbb+ jets 0.19± 0.01
W + jets 0.051± 0.002
MG∗ = 2 TeV 1.85± 0.01 WWbb 0.02± 0.03 0.06± 0.03
Wbb+ jets 0.030± 0.007
W + jets 0.013± 0.001
MG∗ = 3 TeV 0.0301± 0.0001 WWbb < 0.03 0.007+0.03−0.004
Wbb+ jets 0.006± 0.004
W + jets 0.0013± 0.0005
Table 4.14. Cross section values after the cuts that maximize the S/B ratio, SET (II) in
4.23. (
√
s = 7 TeV).
4.7 Final results and LHC discovery reach in CHM pa-
rameter space
√
s = 14 TeV
√
s = 7 TeV
L5σ S/B S/
√
B100 L5σ S/B S/
√
B10
MG∗ = 1.5 TeV SET (I) 54 pb−1 20 589 0.48 fb−1 28 75
(Mχ = 1 TeV) SET (II) 73 pb−1 40 732 0.66 fb−1 51 87
MG∗ = 2 TeV SET (I) 0.24 fb−1 16 255 4.1 fb−1 15 19
(Mχ = 1.33 TeV) SET (II) 0.30 fb−1 39 357 5.2 fb−1 31 24
MG∗ = 3 TeV SET (I)≡ (II) 3.4 fb−1 15 65 1.3 · 103 fb−1 4.3 1.1
(Mχ = 2 TeV)
MG∗ = 4 TeV SET (I) ≡ (II) 57 fb−1 12 17
(Mχ = 2.67 TeV)
Table 4.15. Final results for the discovery analysis of G∗ → χψ. L5σ denotes the
integrated luminosity needed for a 5σ discovery at the LHC, S/B the Signal/Background
ratio. S/
√
B100(10) represents the ratio between the number of signal events and the square
root of the number of background events, at an integrated luminosity of 100(10) fb−1.
The final results of our analysis, optimized for the G∗ → χψ discovery, are sum-
marized in Tab. 4.15. S/B denotes the signal over background ratio. L5σ denotes
the integrated luminosity needed for a discovery at a significance of at least 5σ 19.
We impose that at the integrated luminosity of L5σ at least ten events (both form
signal or background) have passed all the cuts and are finally observed. S/
√
B100(10)
represents the ratio between the number of signal events and the square root of
the number of background events, at an integrated luminosity of 100(10) fb−1. In
cases where the number of signal and background events is quite high, S/
√
B gives a
good approximation of the statistical significance of the signal over the background.
We report in Tab. 4.15 the S/
√
B100(10) values for the different signals, in order to
19We take as value of the cross section the expected value plus one sigma. In this way, since
for the cases of heavier G∗ the error associated with the cross section of the background is not
negligible, we do a conservative estimate of the LHC reach.
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compare our results with those from the analysis in the literature, as the one in
Ref. [30], that estimates the statistical significance using S/
√
B.
We show in Fig. 4.23 the final invariant mass distributions, Mall, MWt and MWb
for the signal with MG∗ = 2 TeV plus the remaining background.
We can clearly distinguish the resonances of the G∗, of the B and of the T˜ .
The results obtained confirm those from the previous analysis preserving the tt¯ com-
ponent of the signal (Tab. 4.5): a G∗ with a mass up to ∼ 4 TeV can be discovered
at the 14 TeV LHC and a G∗ with a mass up to ∼ 2 TeV can be discovered in the
early stage of the LHC, at
√
s = 7 TeV. Nevertheless, the clearness of the discovery
has been much improved compared to that from the analysis preserving G∗ → tt¯;
we have obtained much higher S/B ratios, up to a factor of 7.
We can also compare our results with those in the literature, that refine the strategy
for the G∗ discovery in the tt¯ channel. Ref. [30] searches for a Kaluza-Klein of the
gluon in the channel kkg → tt¯; they consider BR(kkg → tRt¯R) ' 1 and a coupling
gkkguu¯ = gkkgdd¯ ' 15gS in the kkg production. To compare their results with the ours,
where we have BR(G∗ → ψχ → Wtb) ' 0.25 and gG∗qq¯ = 0.44gS (tgθ3 = 0.44),
we have to scale down by a factor of ∼ 1.2 our signal cross sections and, as a
consequence, our S/B and S/
√
B ratios 20. Ref. [30], by exploiting peculiarities of
the kkg → tRt¯R signal like the high energy and the Left-Right asymmetry of the
tops, obtains S/B = 2(1.6) and S/
√
B100 = 11(4.2) as result of the search for a kkg
with a mass of 3(4) TeV at the 14 TeV LHC. If we scale down by a factor of 1.2 our
S/B and S/
√
B100 ratios (in Tab. 4.15), we obtain values higher than those in [30];
for a G∗/kkg with a mass of 3(4) TeV, our S/B is higher by a factor of ∼ 6.3(6.3)
and our S/
√
B100 by a factor of ∼ 4.9(3.3), compared to those in [30]. We can thus
affirm that the distinctive topology of the decay of a G∗ into one heavy fermion plus
its SM partner clearly improves the LHC discovery sensitivity to a heavy gluon.
The results in Tab. 4.15 refer to the setting (4.14), we have considered tan θ3 = 0.44
and sR = 0.6. We want now to estimate the LHC discovery reach on the full
parameter space, by taking into account a variation in tan θ3 and sR.
In order to evaluate the cross section for the signal at generic tan θ3 and sR values,
σS(tgθ3, sR), we assume the following relation between σS(tgθ3, sR) and the signal
cross section at tan θ3 = 0.44 and sR = 0.6, σS(0.44, 0.6):
σS(tgθ3, sR) '
(
tgθ3
0.44
)2 BR[G∗ → ψχ→Wtb](tgθ3, sR)
BR[G∗ → ψχ→Wtb](0.44, 0.6) . (4.25)
We scale the signal cross section σS(0.44, 0.6) by the factor
(
tgθ3
0.44
)2
, taking into
account the proportionality to tg2θ3 of the cross section for the G∗ production (see
eq. (4.10)). The ratio between the BR for the G∗ → ψχ decay in the Wtb channel
20Indeed, because of the different value we used for tan θ3, our signal cross sections are about
five times larger than those expected at tan θ3 = 0.2 (we are considering that the cross section
for the G∗ production depends on tg2θ3, see eq. (4.10)). But, while Ref. [30] exploits the full G∗
production cross section, because it considers BR(kkg → tR t¯R) = 1, in our assumptions (4.14), we
are taking about the 25% of the G∗ production cross section (see Fig.s 4.8 and 4.21). Therefore, we
have to account for an overall scale factor of ∼
( 0.44
0.2
)2 · 0.25 = 1.2.
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Figure 4.23. Final invariant mass distributions, Mall, MWt and MWb, after the analysis
optimized for the G∗ → χψ discovery (√s = 14 TeV).
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Figure 4.24. Contour plot for the BR(G∗ → ψχ → Wtb) as a function of tan θ3 and of
the top degree of compositeness, sR.
evaluated at generic tan θ3 and sR values, BR[G∗ → ψχ→Wtb](tgθ3, sR), and that
evaluated at tan θ3 = 0.44 and sR = 0.6 is calculated numerically by considering
the formulas in sec. 4.1.2 and 4.2.1. We show in Fig. 4.24 the contour plot for
BR[G∗ → ψχ → Wtb](tgθ3, sR). We can see that, as expected, the BR decreases
for sR values close to 1, as an effect of the predominance of the G∗ decay into top
pairs and for sR close to its minimum value sR ∼ 0.4, where, as we will discuss in
sec. 4.9, the G∗ decays into pairs of custodians become dominant. The dependence
of BR[G∗ → ψχ→Wtb] on tgθ3 is quite soft for moderate values of tgθ3; for larger
tgθ3 values, instead, we can notice a decrease of the BR, that is a consequence of
the enhancement of the G∗ decays into light jets.
By taking into account the relation in (4.25), we estimate the number of signal
events for generic tan θ3 and sR values at an integrated luminosity of 100 fb−1, for
the analysis at
√
s = 14 TeV, and at an integrated luminosity of 10 fb−1, for the
analysis at
√
s = 7 TeV. We take as starting values for the signal cross section,
σS(0.44, 0.6), those obtained from the analysis optimized for the G∗ → ψχ search,
after the application of the SET (I) of cuts that minimize the discovery luminosity
(values in Tab. 4.7(4.13) for
√
s = 14(7) TeV).
The number of background events at 100(10) fb−1 is simply obtained by multiplying
by 100(10) the cross section values of the background in Tab. 4.7(4.13) 21. This
means that we are ignoring the variation with tgθ3 of the G∗ total decay width and
we are assuming that the cuts on the total invariant mass that we have applied in
the case tan θ3 = 0.44 and sR = 0.6 can also be imposed in the case of generic tan θ3
and sR values. This assumption is very reasonable since the cuts on Mall that we
have applied are quite mild, as we already pointed out.
The dependence of the G∗ total decay width on tgθ3 is shown in Fig. 4.25 for
21Again, we take as value of the cross section the expected value plus one sigma, in order to make
a conservative estimate of the LHC reach.
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Figure 4.25. G∗ total decay width as function of tgθ3 for different G∗ masses.
different G∗ masses and for sR = 0.6 and sR = 1 22. The previous claim can be
checked by considering this graphic and the values of the Mall cut in (4.22). Fig.
4.25 also shows that the G∗ total decay width is essentially independent of the value
of sR, we obtain very similar values for the G∗ total decay width at sR = 0.6 and at
sR = 1.
In this analysis we are considering Y∗ fixed at the reference value, Y∗ = 3. Our
results are indeed quite independent on Y∗, since this latter determines basically
only the values of the heavy fermion widths. We checked that Γχ/Mχ remains small
(. 0.2) up to Y∗ values of ∼ 6. Moreover, we used cuts on MWb and MWt quite
mild, much below the MB and MT˜ mass values.
At this point we are able to evaluate, for the different G∗ masses and for sR =
0.6, 0.8, 1, the values of tan θ3 for which we can discover a heavy gluon in the channel
G∗ → ψχ→Wtb at an integrated luminosity of 100(10) fb−1 at the 14(7) TeV LHC.
We claim the discovery when we reach a statistical significance of the signal over
the background of 5σ 23. The values obtained are shown in Tab. 4.16 (the values
shown for MG∗ = 3 TeV in the case
√
s = 7 TeV have not physical meaning, since in
our model tgθ3 ≡ gelgcom . 1, but they are useful to extrapolate the results to generic
MG∗ values).
The values we have found are well fitted (Fig. 4.26) by exponential curves of the
type:
tgθ3 = aekMG∗ . (4.26)
We show in Tab. 4.17 the values of the a and k fit parameters, for the different sR
values.
22In the calculation of the G∗ total decay width as function of tgθ3 we evaluate αS at the scale of
MG∗.
23We remind that we are defining the minimum integrated luminosity required for a discovery to
be the integrated luminosity for which a goodness-of-fit test of the SM-only hypothesis with Poisson
distribution gives a p-value = 2.85× 10−7, that corresponds to a 5σ significance in the limit of a
gaussian distribution.
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Figure 4.26. (MG∗,tan θ3) values for the G∗ discovery in the channel G∗ → ψχ→Wtb at
an integrated luminosity of 100(10) fb−1 at the 14(7) TeV LHC plus the respective fitting
curve (4.26), for sR = 0.6.
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√
s = 14 TeV
√
s = 7 TeV
sR = 0.6 sR = 0.8 sR = 1 sR = 0.6 sR = 0.8 sR = 1
MG∗ = 1.5 TeV 0.0432 0.0469 0.0846 0.138 0.150 0.264
MG∗ = 2 TeV 0.0644 0.0700 0.126 0.297 0.325 0.770
MG∗ = 3 TeV 0.147 0.159 0.280 6.20 7.20 11.6
MG∗ = 4 TeV 0.366 0.405 0.833
Table 4.16. tgθ3 values for the 5σ discovery of G∗ → ψχ → Wtb at 100(10) fb−1 at the
14(7) TeV LHC.
√
s = 14 TeV
√
s = 7 TeV
a k [TeV−1] a k [TeV−1]
sR = 0.6 0.0106 0.884 0.000847 2.97
sR = 0.8 0.0111 0.899 0.000821 3.03
sR = 1 0.0146 1.01 0.00370 2.68
Table 4.17. a and k fit parameters (4.26), for the different sR values.
Fig. 4.28 summarizes our results and shows the LHC discovery reach on the
parameter space of the Composite Higgs Model. Fig. 4.28(b) shows the possibility
for a heavy gluon with mass up to ∼ 2.4 TeV to be discovered just in the early
stage of the LHC, for quite large but theoretically allowed values of tgθ3. A G∗ with
mass up to ∼ [1.8, 2.2] TeV could be discovered for smaller and more theoretically
motivated tgθ3 values, tgθ3 ∈ [0.2, 0.6]. The reach will be much widened when LHC
will be at its nominal design energy of 14 TeV; a heavy gluon with mass up to ∼ 5
TeV could be discovered at the 14 TeV LHC, as Fig. 4.28(a) shows.
The graphics in Fig. 4.28 can also be read as the possibility to exclude (in the
hypothesis MT < MG∗ < 2MT ) parts of the parameter space of the Composite Higgs
Model, in the case of non-discovery. We can see that a significant part of the CHM
parameter space can be already tested in the early runs of the LHC.
The current searches for a heavy gluon at the LHC are performed by analyzing
heavy resonances decaying into top pairs [38]. They thus adopt (especially the CMS
analysis) selection strategies which relies on a large boost of all the decay products
and which might have a poor efficiency on our topology of signal events. This can be
explained by Fig. 4.27, where we show the distribution of the boost factor γ = E/m
for the top and for the T˜ of the G∗ → T˜ t signal. We can see that while the SM
(top or bottom) quark originating from the G∗ decay is always highly boosted, for
MG∗/Mχ = 1.5 the heavy quark is not.
Assuming, anyway, the same efficiency for the detection of a G∗ → ψχ → Wtb
signal and of a G∗ → t¯t one, we find that the ATLAS analysis, performed using
200 pb−1 of pp collisions at
√
s = 7 TeV, is not yet sensitive to the parameter space
of our two-site model. Considering a heavy gluon of 1.5 TeV and the assumption
MT < MG∗ < 2MT , we find that, in order for the G∗ → tt¯ + ψχ → Wtb signal
cross section to lie in the range excluded by the analysis, we should have, for any
possible sR value, a coupling tgθ3 & 2, which is beyond the physical parameter space
of the CHM; in CHM tgθ3 ≡ gelgcom . 1. Obviously, with a higher luminosity of data
collected the sensitivity can be improved. As we have shown in this project and as
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Figure 4.27. Distribution of the boost factor γ = E/m of T˜ (left plot) and of the top
quark (right plot) in signal events G∗ → T˜ t with MG∗ = 1.5 TeV (continuous red line) and
MG∗ = 3 TeV (dashed blue line) for
√
s = 7 TeV. The mass of the heavy fermion has been
chosen such that MG∗/MT˜ = 1.5. Notice that this implies that T˜ is less boosted for MG∗ = 3
TeV than for MG∗ = 1.5 TeV. All the curves have been normalized to unit area.
we want to stress here, it can be much improved by considering an analysis as the
type presented in this project, focused on the channel G∗ → ψχ.
The LHC discovery/exclusion reach we have shown in Fig. 4.28 refers to the
model TS5; however, it could be adapted with small variations to a wider class of
models (as to the Randall-Sundrum models or, more in general, to the models that
predict the existence of heavy colored resonances). Fig.s 4.28(a) and 4.28(b), for
example, can also be referred to the model TS10; the main difference lies in the case
of a fully composite right-handed top (sR = 1). In this limit case, the search for a
discovery in the TS10 should be less promising than in the TS5, as we will explain
in section 4.9. Anyhow, as we have shown in the first part of the thesis, the case
sR = 1 in the TS10 is quite disfavored by flavor observables (in particular by data
from b→ sγ).
4.8 Heavy fermions discovery
The results in Tab. 4.15 and in Fig. 4.28, that summarize the LHC potential to
discover a heavy gluon with mass MG∗, can be translated into the possibility for
a heavy fermion, bottom or top partner, with a mass roughly included in a range
[MG∗/2 , MG∗ ] to be discovered at the LHC together with the G∗.
Obviously, the cuts on the invariant mass distributions MWt and MWb should be
adapted according to the real values of the heavy fermion masses; the main strategy
for the discovery, however, remains that we have followed in this analysis, where we
made the simplifying assumption, MB = MB˜ = MT˜ = MG∗/1.5.
The composition of the ψχ signal depends on the top degree of compositeness.
Therefore, the possibility for the discovery of one or the other type of heavy fermion
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Figure 4.28. 14 TeV and 7 TeV LHC discovery reach on the parameter space of the
Composite Higgs Model (TS5). The 5σ discovery region for heavy colored vectors in the
channel G∗ → ψχ → Wtb extends above the blue curve in the case sR = 0.6, above the
dashed red curve for sR = 0.8 and above the dotted curve in the case sR = 1. The reach is
calculated at an integrated luminosity of 100 fb−1 and 10 fb−1 for
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TeV respectively.
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Figure 4.29. ψχ composition in the G∗ → ψχ→Wtb channel as a function of sR.
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Figure 4.30. Diagrams for pair and single production of the heavy fermions.
(partner of the top or of the bottom) also depends on sR. We show in Fig. 4.29
the ψχ composition in the G∗ → ψχ → Wtb channel as a function of sR. When
sR ' 1, BR(G∗ → T˜ t) ' 0, therefore, in the case of a fully composite tR, we cannot
discover a T˜ in the G∗ → ψχ channel. In the remaining cases (sR . 0.95), we can
see, instead, that the T˜ t part of the ψχ signal remains close to (or above) its value
at sR = 0.6 (for which we have shown the possibility for T˜ to be discovered together
with the G∗), so we can discover both a B and a T˜ in the G∗ → ψχ channel.
The typical channels considered for the search of heavy fermions at colliders
are currently those of pair and single production (diagrams in Fig. 4.30). Early
searches for pair production of heavy fermions at CMS [52] (with about 1 fb−1 of
data collected) provide bounds on their masses, Mχ & 495 GeV, that are still below
the range examined in this project (and also below the limit we have found from
b→ sγ). Searches for single production at Tevatron [53], as well, fix lower bounds on
Mχ that are below 693 GeV. We also point out that these latter analyses, contrary
to what we have assumed in our models, consider sizable couplings between the
heavy fermions and the SM quarks of the 1st and 2nd generation and, therefore,
estimate signal cross sections higher than those predicted by CHM. An increasing of
the integrated luminosity of the data collected at the LHC or, better, of the beams
energy could bring to the discovery of heavy fermions with masses above ∼ 500
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GeV or, alternatively, to a strengthening of the bounds on Mχ. We want to show
here that the search for heavy fermions in the channel G∗ → ψχ, considered in our
analysis, can improve the LHC sensitivity to heavy fermions24.
We can thus compare our results for the discovery of a B heavy fermion with mass
∼MG∗/1.5 in the G∗ → ψχ channel (Tab. 4.15 and Fig. 4.28) with those recently
obtained for the B discovery at the 14 TeV LHC, considering the typical single and
pair production channels [43]. Ref. [43] finds a S/B ratio of about 4(1.5)[0.9] and
a discovery luminosity of 1.8(37)[420] fb−1 25 for a B heavy fermion with a mass
of 1(1.5)[2] TeV. We find, instead, that, if MB < MG∗ < 2MB, a B with a mass
of ∼ 1(1.33)[2] TeV can be discovered in the G∗ → ψχ channel, considering our
benchmark values sR = 0.6 and tgθ3 = 0.44, with a much higher S/B ratio and
a much lower discovery luminosity, S/B = 40(39)[15], L5σ = 0.054(0.24)[3.4] fb−1.
Higher S/B ratios and lower discovery luminosities can be obtained even in the less
optimistic cases of small tgθ3 values: for tgθ3 = 0.2 and a B heavy fermion of 1 TeV,
for example, we find, by rescaling our signal cross section as in 4.25, S/B ∼ 8.3
(about a factor of 2 higher than that in [43]) and L5σ ' 0.35 fb−1 (about a factor of
5 lower than the discovery luminosity in [43]). Notice also that the discovery reach
can be improved. While, following the analysis in [43], a B with a mass of 2 TeV
cannot be discovered with 300 fb−1 of integrated luminosity at the 14 TeV LHC, we
find (fig. 4.28(a)) the possibility for a B with mass up to ∼ 3.4 TeV to be discovered
with 100 fb−1 in the channel G∗ → ψχ, for tgθ3 ∼ 1, sR = 0.6 and MG∗/Mχ = 1.5.
The comparison proves that the G∗ → ψχ channel is very promising also for the
discovery of the heavy fermions and should be taken into account, together with the
ordinary single and pair production channels, in the searches for heavy fermions at
the LHC.
4.9 The composite top scenario
The limit case of an almost fully composite left-handed top (s1 ' 1, sR ' 0.4) 26
makes difficult the discovery of the G∗ both in the tt¯ and in the ψχ channel. This is
due to the predominance of the G∗ decays into pairs of custodians.
In the TS5 the custodians T2/3 and T5/3 become light when the left-handed top
becomes composite. As a consequence, for sR ' 0.4, when the G∗ mass is above the
threshold for the production of custodian pairs, the decays into custodians become
dominant (Fig.s 4.31 and 4.32).
In this limit case, the search for the G∗ in the one heavy plus one SM fermion channel
becomes less promising than in the ‘standard’ scenario; it could be interesting, instead,
looking for the decays into custodian pairs. These latter can decay into a Z or a
24 the channel G∗ → ψχ can improve the LHC discovery potential on the heavy fermions, even
though a non-discovery in this channel cannot imply a direct bound on the heavy fermions mass,
since it can follow from the absence of a G∗ signal.
25We report the L5σ values calculated as in our analysis, considering the integrated luminosity
for which a goodness-of-fit test of the SM-only hypothesis with Poisson distribution gives a p-value
= 2.85× 10−7 and imposing that at least ten events are finally observed at L5σ. In Ref. [43] L5σ is
evaluated in a less conservative way, as the luminosity at which S/
√
B > 5 and at least 5 signal
events have been observed. Therefore [43] shows different L5σ values, 1.1(26)[327] fb−1.
26The limit value sR ∼ 0.4 is evaluated for Y∗ ∼ 3. Since, as we discussed, s1 and sR are related to
each other as sR =
√
2mt
Y∗vs1 , the specific sR values for which s1 → 1 and the G
∗ decays into custodian
pairs become dominant depend on the value of Y∗.
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Figure 4.31. G∗ decay Branching Ratios and G∗ total decay width as functions of the G∗
mass in the TS5, with an almost fully composite tL (sR = 0.4).
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Figure 4.32. BRs for the G∗ decays in the different search channels, considering the
intermediate scenario (MT < MG∗ < 2MT ), with an almost fully composite tL (sR = 0.4).
Higgs plus a top (T2/3 → Z(/h)t) or into a W plus a top (T5/3 →Wt) and so they
can give final states such as WWtt, ZZtt, hhtt or Zhtt.
We point out that in the TS10 model there are also custodians (B˜, T˜5/3 ...) that
become light in the fully composite tR limit (sR = 1). Therefore, in the TS10, the G∗
discovery in the one heavy plus one SM fermion channel becomes quite difficult both
in the fully composite tL and in the fully composite tR limit cases. However, these
limit cases seem to be quite disfavored by data; a fully composite tL is disfavored by
electro-weak data [27] both for the TS5 and the TS10, since it brings to too high
values of the S and T parameters. On the other hand, in the TS10, the opposite
case of a fully composite tR is disfavored by the data from b→ sγ: as we have found
in the first part of this project (sec. 3.1), in the case of a fully composite tR, we
obtain a strong constraint on the heavy fermion mass in the TS10, because of the
absence of a PC protection to the effective WtRbR vertex.
Chapter 5
Conclusions
Composite Higgs Models are among the compelling scenarios for physics beyond the
Standard Model that can give an explanation of the origin of the EWSB and that
are going to be tested at the LHC.
In this thesis we have studied the phenomenology of this class of models. We have
built two simple ‘two-site’ models, the TS5 and the TS10, which incorporate a
custodial symmetry and a PLR parity.
In the first part we have reconsidered the bounds on the CHM spectrum implied by
flavor observables. We have found in particular that the IR contribution to b→ sγ
induced by the flavor conserving effective vertex WtRbR implies a robust Minimal
Flavor Violating bound on the mass (m∗) of the new heavy fermions. The relevance
of shifts to WtRbR has been already pointed out in the literature, even though its
importance in setting a bound on heavy fermion masses was unestimated in previous
studies. We have also shown how this bound can be stronger in the case of the
absence of a symmetry (PC) protection to the effective WtRbR vertex. In particular,
the constraints we have found are
m∗ & 1.4 TeV
in the TS5, and
m∗ &
0.54
ξqL
TeV ,
where ξqL denotes the tL degree of compositeness, in the TS10.
In addition to these bounds, we have calculated the constraints from the UV
composite Higgs model contribution to b→ sγ. Our results have shown that these
bounds can be stronger than those from the IR contribution but they are model
dependent; in particular they strongly depend on the assumptions made on the
flavor structure of the composite sector. We have obtained an estimated limit
m∗ & (0.52)Y∗ TeV
in a specific NP flavor scenario (Y∗ anarchic in the flavor space).
Even stronger bounds,
m∗ & (1.3)Y∗ TeV ,
can be obtained from ′/K but, again, they are model dependent and in principle
could be loosened by acting on the NP flavor structure. The lower bounds on m∗
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we have found from b→ sγ, instead, are robust MFV bounds that cannot be evaded
by acting on the NP flavor structure.
In the second part of the thesis we have studied in details the LHC phenomenology
of the new heavy colored resonances. We have shown that heavy fermions have a
great impact on the phenomenology of the heavy gluon; if the composite gluon is
heavier than composite fermions, as flavor observables strongly suggest, the search
in the channels where G∗ decays into one heavy fermion plus its Standard Model
partner is very promising.
We have estimated the LHC sensitivity to the heavy colored vectors by analyzing
these channels. Our final results are summarized in Fig. 4.28 and show that a
considerable part of the CHM parameter space can be already tested in the early
stage of the LHC.
The LHC at
√
s = 7TeV and with 10 fb−1 of integrated luminosity should be able to
discover a G∗ with mass in the range MG∗ = 1.8− 2.4 for tan θ3 = 0.2− 1. On the
other hand, by running at the design center-of-mass energy
√
s = 14TeV, the LHC
discovery reach extends to the mass range MG∗ = 3.3− 5.2 for tan θ3 = 0.2− 1 with
an integrated luminosity L = 100 fb−1.
Moreover we have found that the heavy-light decay topologies are very promising also
for the discovery of the heavy fermions and should be taken into account, together
with the ordinary single and pair production channels, in the searches for heavy
fermions at the LHC.
Appendix A
Two Site Models
A.1 TS5
Fermions rotate from the elementary/composite basis to the ’physical’ light(SM)/heavy
basis as (we neglect O
(
∆2L2
)
terms):
tanϕL1 =
∆L1
MQ∗
≡ s1
c1
, s1 ≡ sinϕL1 c1 ≡ cosϕL1
s2 =
∆L2
MQ′∗
cosϕL1
s3 =
∆L2MQ′∗
∆2L1 +M2Q∗ −M2Q′∗
sinϕL1
tL = c1telL − s1T comL − s2T ′comL
TL = s1telL + c1T comL + s3T ′comL
T ′L = (s2c1 − s1s3) telL − (s1s2 + c1s3)T comL + T ′comL
bL = c1belL − s1BcomL − s2B′comL
BL = s1belL + c1BcomL + s3B′comL
B′L = (s2c1 − s1s3) belL − (c1s3 + s1s2)BcomL +B′comL
(A.1)
s4 = ∆L2
∆L1
∆2L1 +M2Q∗ −M2Q′∗{
TR = T comR + s4T ′comR
T ′R = T ′comR − s4T comR
{
BR = BcomR + s4B′comR
B′R = B′comR − s4BcomR
(A.2)
tanϕR =
∆R1
MT˜∗
sR ≡ sinϕR cR ≡ cosϕR
tanϕbR =
∆R2
MB˜∗
sbR ≡ sinϕbR cbR ≡ cosϕbR{
tR = cRtelR − sRT˜ comR
T˜R = sRtelR + cRT˜ comR
{
bR = cbRbelR − sbRB˜comR
B˜R = sbRbelR + cbRB˜comR
(A.3)
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Physical heavy fermion masses are related to the bare ones according to:
MT˜ =
√
M2
T˜∗ + ∆
2
R1 =
MT˜∗
cR
MB˜ =
√
M2
B˜∗ + ∆
2
R2 =
MB˜∗
cbR
MT = MB =
√
M2Q∗ + ∆2L1 =
MQ∗
c1
MT5/3 = MT2/3 = MQ∗
MT ′ = MB′ =
√
M2Q′∗ + ∆2L2 'MQ′∗ = MB−1/3 = MB−4/3
(A.4)
A.1.1 Yukawa Lagrangian
In the elementary/composite basis the Yukawa Lagrangian reads:
LY UK = Y∗UTr
{
Q¯H
}
T˜ + Y∗DTr
{
Q¯′H
}
B˜ + h.c. (A.5)
= Y∗U
{
T¯ φ†0T˜ + T¯2/3φ0T˜ + T¯5/3φ+T˜ − B¯φ−T˜
}
+Y∗D
{
B¯−1/3φ
†
0B˜ + B¯′φ0B˜ + T¯ ′φ+B˜ − B¯−4/3φ−B˜
}
+ h.c.
After field rotation to the mass eigenstate basis, before EWSB, LY UK reads:
LY UK =Y∗Uc1cR
(
T¯Lφ
†
0T˜R − B¯Lφ−T˜R
)
+ Y∗UcR
(
T¯2/3Lφ0T˜R + T¯5/3Lφ+T˜R
)
− Y∗U (s1s2 + c1s3) cR
(
T¯ ′Lφ
†
0T˜R − B¯′Lφ−T˜R
)
− Y∗Us1cR
(
t¯Lφ
†
0T˜R − b¯Lφ−T˜R
)
− Y∗UsR
(
T¯2/3Lφ0tR + T¯5/3Lφ+tR
)
+ Y∗U (s1s2 + c1s3) sR
(
T¯ ′Lφ
†
0tR − B¯′Lφ−tR
)
− Y∗Uc1sR
(
T¯Lφ
†
0tR − B¯Lφ−tR
)
+ Y∗Us1sR
(
t¯Lφ
†
0tR − b¯Lφ−tR
)
+ Y∗U
(
T¯Rφ
†
0T˜L − B¯Rφ−T˜L
)
+ Y∗U
(
T¯2/3Rφ0T˜L + T¯5/3Rφ+T˜L
)
− Y∗Us4
(
T¯ ′Rφ
†
0T˜L − B¯′Rφ−T˜L
)
+ Y∗DcbR
(
B¯−1/3Lφ
†
0B˜R − B¯−4/3Lφ−B˜R
)
+ Y∗DcbR
(
B¯′Lφ0B˜R + T¯ ′Lφ+B˜R
)
− Y∗DsbR
(
B¯−1/3Lφ
†
0bR − B¯−4/3Lφ−bR
)
− Y∗DsbR
(
B¯′Lφ0bR + T¯ ′Lφ+bR
)
− Y∗Ds2cbR
(
b¯Lφ0B˜R + t¯Lφ+B˜R
)
+ Y∗Ds2sbR
(
b¯Lφ0bR + t¯Lφ+bR
)
− Y∗Ds3sbR
(
B¯Lφ0bR + T¯Lφ+bR
)
+ Y∗Ds3cbR
(
B¯Lφ0B˜R + T¯Lφ+B˜R
)
+ Y∗D
(
B¯′Rφ0B˜L + T¯ ′Rφ+B˜L
)
+ Y∗U
(
B¯−1/3Rφ
†
0B˜L − B¯−4/3Rφ−B˜L
)
+ Y∗Ds4
(
B¯Rφ0B˜L + T¯Rφ+B˜L
)
+ h.c.
(A.6)
After the EWSB top and bottom masses arise as:
mt =
v√
2
Y∗Us1sR (A.7)
mb =
v√
2
Y∗Ds2sbR . (A.8)
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We have also electroweak mixings among fermions. The fermionic mass matrices for
up and down states read, in the basis
(
t¯L
¯˜TL T¯2/3L T¯L T¯ ′L
) (
tR T˜R T2/3R TR T
′
R
)
for the up sector and in the basis
(
b¯L
¯˜BL B¯′L B¯−1/3L B¯L
) (
bR B˜R B
′
R B−1/3R BR
)
for the down-type fermions:
Mup =
mt −Y∗U v√2s1cR 0 0 0
0 MT˜ Y∗U v√2 Y∗U
v√
2 −s4Y∗U
v√
2
−Y∗U v√2sR Y∗U
v√
2cR MT2/3 0 0
−Y∗U v√2c1sR Y∗U
v√
2c1cR 0 MT 0
Y∗U v√2 (s1s2 + c1s3) sR −Y∗U
v√
2 (s1s2 + c1s3) cR 0 0 MT ′

(A.9)
Mdown =
mb −Y∗D v√2s2cbR 0 0 0
0 MB˜ Y∗D v√2 Y∗D
v√
2 Y∗D
v√
2s4
−Y∗D v√2sbR Y∗D
v√
2cbR MB
′ 0 0
−Y∗D v√2sbR Y∗D
v√
2cbR 0 MB−1/3 0
−Y∗D v√2s3sbR Y∗D
v√
2s3cbR 0 0 MB

(A.10)
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A.1.2 TS5 Lagrangian for G∗ and heavy fermion interactions
The TS5 lagrangian (4.1) can be diagonalized, before EWSB, by performing the
field rotations from the composite/elementary to the mass-eigenstate basis, that we
have just shown, for the fermions, in (A.1), (A.2), (A.3); gluon and G∗ rotate as
described in (2.10). The diagonalized lagrangian reads
L =Lgauge + Lfermion + LHiggs (A.11)
Lgauge =− 14GµνG
µν
+ 12
(
DµG
∗
νDνG
∗
µ −DµG∗νDµG∗ν
)
+ 12M
2
G∗G
∗2
µ +
igS
2 Gµν
[
G∗µ, G
∗
ν
]
+ 2i gS cot 2θ3DµG∗ν
[
G∗µ, G
∗
ν
]
+ g
2
S
4
(
sin4θ3
cos2θ3
+ cos
4θ3
sin2θ3
)[
G∗µ, G
∗
ν
]2
(A.12)
Lfermion = q¯ i 6Dq + ψ¯ i 6Dψ + χ¯ (i 6D −Mχ)χ
− gS tan θ3G∗µq¯γµq + gS
(
sin2ϕψ cot θ3 − cos2ϕψ tan θ3
)
G∗µψ¯γ
µψ
+ gS
sinϕψ cosϕψ
sin θ3 cos θ3
G∗µχ¯γ
µψ + gS
(
cos2 ϕψ cot θ3 − sin2 ϕψ tan θ3
)
G∗µχ¯γ
µχ
+ h.c.+O(s2)
(A.13)
LHiggs = |DµH|2 − V (H)
+ Y∗ cosϕL1 cosϕtR Q¯LH˜T˜R + Y∗ cosϕtR Q¯uLHT˜R − Y∗ sinϕL1 cosϕtR q¯LH˜T˜R
− Y∗ sinϕtR Q¯uLHtR − Y∗ cosϕL1 sinϕtR Q¯LH˜tR + Y∗ sinϕL1 sinϕtR q¯LH˜tR
− Y∗ (s2 sinϕL1 + s3 cosϕL1)
(
cosϕtR Q¯
′
LH˜T˜R − sinϕtR Q¯
′
LH˜tR
)
+ Y∗ Q¯RH˜T˜L + Y∗ Q¯uHT˜L − s4Y∗ Q¯′RH˜T˜L
+ Y∗ cosϕbR Q¯dLH˜B˜R + Y∗ cosϕbR Q¯
′
LHB˜R − Y∗ sinϕbR Q¯dLH˜bR
− Y∗ sinϕbR Q¯′LHbR − Y∗s2 cosϕbR q¯LHB˜R + Y∗s2 sinϕbR q¯LHbR
− Y∗s3 sinϕbR Q¯LHbR + Y∗s3 cosϕbR Q¯LHB˜R
+ Y∗Q
′
RHB˜L + Y∗ Q¯dRH˜B˜L + Y∗s4 Q¯RHB˜L + h.c.
(A.14)
where q = u, d, c, s, ψ = tL, bL, tR, bR, and we have defined Q = (T,B), Q′ =
(T ′, B′), Qu = (T5/3, T2/3), Qd = (B−1/3, B−4/3), H = (φ+, φ0), H˜ ≡ iσ2H∗ =
(φ†0,−φ−). χ denotes any of the heavy fermions, except in the first term in the third
line of eq.(A.13), where it denotes a top or bottom heavy partner, T,B, T˜ , B˜.
A.2 TS10 89
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Fermions rotate from the elementary/composite basis to the ’physical’ light(SM)/heavy
basis as:
tanϕL1 =
∆L1
MQ∗
≡ s1
c1{
tL = c1telL − s1T comL
TL = s1telL + c1T comL
{
bL = c1belL − s1BcomL
BL = s1belL + c1BcomL
(A.15)
tanϕR =
∆R1
MQ˜∗
sR ≡ sinϕR cR ≡ cosϕR
tanϕbR =
∆R2
MQ˜∗
sbR ≡ sinϕbR cbR ≡ cosϕbR{
tR = cRtelR − sRT˜ comR
T˜R = sRtelR + cRT˜ comR
{
bR = cbRbelR − sbRB˜comR
B˜R = sbRbelR + cbRB˜comR
(A.16)
Physical heavy fermion masses are related to the bare ones as:
MT˜ =
√
M2
Q˜∗ + ∆
2
R1 =
MQ˜∗
cR
MB˜ =
√
M2
Q˜∗ + ∆
2
R2 =
MQ˜∗
cbR
MT˜5/3 = MT˜ ′5/3 = MT˜ ′ = MB˜′ = MQ˜∗
MT = MB =
√
M2Q∗ + ∆2L1 =
MQ∗
c1
MT2/3 = MT5/3 = MQ∗
(A.17)
In the elementary/composite basis the Yukawa Lagrangian reads:
LY UK = +Y∗Tr
{
HQ¯Q˜′
}
+ Y∗Tr
{
Q¯HQ˜
}
(A.18)
After field rotation to the mass eigenstate basis, before EWSB, LY UK reads as
in eq. (A.23).
After EWSB top and bottom masses arise as:
mt =
v
2Y∗s1sR (A.19)
mb =
v√
2
Y∗s1sbR (A.20)
The fermionic mass matrices for up and down states read, in the basis
(
t¯L
¯˜TL T¯2/3L T¯L ¯˜T ′L
)
(
tR T˜R T2/3R TR T˜
′
R
)
for the up sector and in the basis
(
b¯L
¯˜BL ¯˜B′L B¯L
) (
bR B˜R B˜
′
R BR
)
for the down-type fermions:
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MTS10up = Y∗
v
2

mt
Y∗ v2
−s1cR 0 0 −s1
0 MT˜Y∗ v2 −1 1 0
sR −cR MT2/3Y∗ v2 0 −1
−c1sR c1cR 0 MTY∗ v2 c1
0 0 −1 1 MT˜ ′Y∗ v2

(A.21)
MTS10down = Y∗
v√
2

mb
Y∗ v√2
−s1cbR −s1 0
0 MB˜Y∗ v√2
0 1
0 0 MB˜′Y∗ v√2
1
−c1sbR c1cbR c1 MBY∗ v√2

(A.22)
LY UK = Y∗c1cR 1√2
(
T¯Lφ
†
0T˜R − B¯Lφ−T˜R
)
− Y∗cR 1√2
(
T¯2/3Lφ0T˜R + T¯5/3Lφ+T˜R
)
− Y∗s1cR 1√2
(
t¯Lφ
†
0T˜R − b¯Lφ−T˜R
)
+ Y∗s1sR
1√
2
(
t¯Lφ
†
0tR − b¯Lφ−tR
)
+ Y∗sR
1√
2
(
T¯2/3Lφ0tR + T¯5/3Lφ+tR
)
− Y∗c1sR 1√2
(
T¯Lφ
†
0tR − B¯Lφ−tR
)
+ Y∗
1√
2
(
T¯Rφ
†
0T˜L − B¯Rφ−T˜L
)
− Y∗ 1√2
(
T¯2/3Rφ0T˜L + T¯5/3Rφ+T˜L
)
+ Y∗
(
T¯5/3Lφ
†
0T˜5/3R − T¯2/3Lφ−T˜5/3R
)
+ Y∗
(
T¯5/3Rφ
†
0T˜5/3L − T¯2/3Rφ−T˜5/3L
)
− Y∗s1cbR
(
b¯Lφ0B˜R + t¯Lφ+B˜R
)
+ Y∗s1sbR
(
b¯Lφ0bR + t¯Lφ+bR
)
− Y∗c1sbR
(
B¯Lφ0bR + T¯Lφ+bR
)
+ Y∗c1cbR
(
B¯Lφ0B˜R + T¯Lφ+B˜R
)
+ Y∗
(
B¯Rφ0B˜L + T¯Rφ+B˜L
)
+ Y∗
(
B¯Rφ
†
0B˜
′
L + Y∗T¯2/3Rφ+B˜′L
)
Y∗
1√
2
(
T¯Rφ
†
0T˜
′
L + B¯Rφ−T˜ ′L
)
− Y∗ 1√2
(
T¯2/3Rφ0T˜
′
L − T¯5/3Rφ+T˜ ′L
)
+ Y∗c1
1√
2
(
T¯Lφ
†
0T˜
′
R + B¯Lφ−T˜ ′R
)
− Y∗ 1√2
(
T¯2/3Lφ
†
0T˜
′
R − T¯5/3Lφ+T˜ ′R
)
− Y∗s1 1√2
(
t¯Lφ
†
0T˜
′
R + b¯Lφ−T˜ ′R
)
+ Y∗
(
T¯5/3Rφ0T˜
′
5/3L − T¯Rφ−T˜ ′5/3L
)
+ Y∗c1
(
B¯Lφ
†
0B˜
′
R − T¯Lφ−T˜ ′5/3R
)
− Y∗s1
(
b¯Lφ
†
0B˜
′
R − t¯Lφ−T˜ ′5/3R
)
+ Y∗T¯2/3Lφ+B˜′R + Y∗T¯5/3Lφ0T˜ ′5/3R + h.c.
(A.23)
Appendix B
Constraints on heavy fermion
masses
B.1 BOUND derivation
BRth = (315± 23)10−6
BRex = (355± 24± 9)10−6
Γtot ∝ |C7(µb)|2 + |C′7(µb)|2 ≈ |CSM7 (µb) + CNP7 (µb)|2 + |C
′NP
7 (µb)|2
If we consider only the C7 contribution:
Γtot
ΓSM
= 1 + 2Re(C
SM
7 (µb)∗CNP7 (µb))
|CSM7 (µb)|2
+O(∆C27)
For µb = 5 GeV, µW = MW , αS = 0.118:
C7(µb) = 0.695C7(µW ) + 0.086C8(µW )− 0.158C2(µW ) = −0.300 [21].
CNP7 (µb) =
(
αS(µW )
αS(µb)
) 16
23 CNP7 (µw) = 0.695 CNP7 (µw)
we obtain at 95% C.L.:
−0.0775 < CNP7 (µw) < 0.0226
For m∗ = 1 TeV:
CNP7 (µW ) =
(
αS(m∗)
αS(mt)
) 16
21
(
αS(mt)
αS(µW )
) 16
23 ' 0.79 CNP7 (m∗)
we obtain at 95% C.L.:
−0.0978 < CNP7 (m∗) < 0.0284
If we consider only the C′7 contribution:
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Γtot
ΓSM
' 1 + |C
′NP
7 (µb)|2
|CSM7 (µb)|2
C
′
7(µb) ' C
′NP
7 (µb) =
(
αS(m∗)
αS(mt)
) 16
21
(
αS(mt)
αS(µb)
) 16
23 C′NP7 (m∗) ' 0.55 C
′NP
7 (m∗)
we obtain at 95% C.L.:
|C′NP7 (µw)| < 0.294
|C′NP7 (m∗)| < 0.372
B.2 CHM contribution to the effective coupling WtRbR
in the TS5
In this section (and in the next, for the TS10) we show in detail the calculation of
the CHM contribution to the effective coupling WtRbR, CR.
We show the expressions for the elementary/composite rotation angles and their
values in the limit of a fully composite top.
s1 =
∆L1√
M2Q∗ + ∆2L1
= ∆L1
MT
s2 =
∆L2
MQ′∗
c1 ' ∆L2
MT ′
c1
s3 =
∆L2MQ′∗
M2Q∗ + ∆2L1 −M2Q′∗
s1 ' s2 M
2
T ′
M2T −M2T ′
s1
c1
s1 limit values (sMIN1 ≡ fully composite tR/ sMAX1 ≡ fully composite tL):
sMIN1 =
yt
Y∗
sMAX1 =
√
1− yb
Y∗
' 1− 12
yb
Y∗
sMIN2 |sMAX1 '
yb
Y∗
In the TS5, we have two doublets of heavy fermions, one in the X = 2/3 representa-
tion, (T,B), and the other in the X = −1/3, (T ′, B′), that give a contribution to
CR.
We calculate now the contribution from the first diagram (T , B exchange).
Couplings are as follows:
α(tR − T ) = −Y U∗ c1sR = −yt
c1
s1
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W− W−
+
bR
φ†0 φ
†
0 φ
†
0
φ†0
bRtR tRB T B′ T ′
Figure B.1. The two diagrams that give contribution to the effective vertex Wb¯RtR in the
TS5. In the TS10, only the first diagram gives a contribution to Wb¯RtR.
−−−−−−−−→
s1 → sMIN1 − Y U∗
√
1− y2t
Y 2∗
' −Y U∗
−−−−−−−−→
s1 → sMAX1 − yt
√
yb
Y∗√
1− yb
Y∗
' −yt
√
yb
Y∗
α(bR −B) = −Y D∗ s3sbR = −yb
s3
s2
= −yb M
2
T ′
M2T −M2T ′
s1
c1
−−−−−−−−→
s1 → sMIN1 − yb
M2
T ′
M2
T
−M2
T ′
yt/Y∗√
1−(yt/Y∗)2
' −yb ytY∗
M2
T ′
M2
T
−M2
T ′−−−−−−−−→
s1 → sMAX1 − yb
M2
T ′
M2
T
−M2
T ′
√
Y∗
yb
We obtain a contribution:
C(I)R =
α(tR − T )α(bR −B)
M2T
= ybyt
M2T
M2T ′
M2T −M2T ′
Contribution from the second diagram (T ′, B′ exchange):
Couplings:
α(tR − T ′) = Y U∗ (s1s2 + c1s3)sR = yt(s2 + s3
c1
s1
) = yts2
(
1 + M
2
T ′
M2T −M2T ′
)
−−−−−−−−→
s1 → sMIN1 yt
√
1−
(
yt
Y∗
)2 ∆L2
MT ′
(
1 + M
2
T ′
M2
T
−M2
T ′
)
−−−−−−−−→
s1 → sMAX1 yt ybY∗
(
1 + M
2
T ′
M2
T
−M2
T ′
)
α(bR −B′) = −Y D∗ sbR = −yb
1
s2
−−−−−−−−→
s1 → sMIN1 − yb MT ′∆L2
1√
1−
(
yt
Y∗
)2
−−−−−−−−→
s1 → sMAX1 − Y∗
We obtain for this contribution:
C(II)R =
α(tR − T ′)α(bR −B′)
M2T ′
= − ybyt
M2T ′
M2T
M2T −M2T ′
.
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By considering C(I)R and C(II)R , we obtain the total contribution:
CR = −ybyt
(
1
M2T
+ 1
M2T ′
)
B.3 Infrared bound in the TS10
s1 limit values:
sMIN1 =
√
2 yt
Y∗
sMAX1 = 1
Couplings:
α(tR − T ) = −Y U∗ c1
sR√
2
= −yt c1
s1
−−−−−−−−→
s1 → sMIN1 ∼ − 1√2Y∗−−−−−−−−→
s1 → sMAX1 0
α(bR −B) = −Y D∗ c1sbR = −yb
c1
s1
−−−−−−−−→
s1 → sMIN1 ∼ −yb 1√2
Y∗
yt−−−−−−−−→
s1 → sMAX1 0
Contribution:
CR = α(tR − T )α(bR −B)
M2T
= ybyt
M2T
c21
s21
−−−−−−−−→
s1 → sMIN1 ∼ 12 ybyt Y
2
∗
1
M2
T−−−−−−−−→
s1 → sMAX1 0
Notice that in this model the heavy fermion couplings with Higgs vanish in the limit
s1 → 1. This implies that also CR tends to zero in this limit.
B.4 Numeric calculation of the Infrared bound
In this project we have evaluated the bounds on the mass of the bidoublet heavy
fermions analytically, by considering an expansion in x ≡ Y∗v√2m∗ and retaining only
the O(x) terms. This implies that we neglect O(x3) terms in the CR contribution.
As we discussed in sec. 3.1.1,we expect that results from the numerical calculation
do not differ more than O(1) from those obtained analytically. This is proved by the
results of the numerical calculation of the bounds from CCH−IR7 in the TS5, shown in
Fig. B.2. The dashed curve denotes the analytical bound, obtained forMT = 1.2MT ′ .
The continuous curves denote, for different values of the ratio between the doublet
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Figure B.2. Bounds from CCH−IR7 in the TS5, obtained by analytic (dashed curve) and
numeric (continuous curves) calculation.
and the singlet heavy fermion masses, k = MT˜ /MT , the bounds on MD obtained
numerically. We can see that the numeric results are quite in agreement with the
analytical ones, except for the case of an almost degeneracy between doublet and
singlet heavy fermion masses and a quite composite tL.
B.5 Charged Higgs ultraviolet contribution to b → sγ
in the TS5
Heffcharged Higgs =
i e
8pi2
(2 · p)
M2w
kcharged
[
Vtsb¯(1− γ5)s+ ms
mbVts
b¯(1 + γ5)s
]
(B.1)
where
kcharged ≈
4∑
i=1
(
|α(i)1 |2 + |α(i)2 |2
)
mb
(
−29
)
M2w
m2∗(i)
+
4∑
i=1
(
α
(i)∗
1 α
(i)
2
)
m∗(i)
(
−56
)
M2w
m2∗(i)
(B.2)
the index i runs over the four up-type heavy fermions of the model, u(i), m∗(i)
denotes the physical mass of the the u(i) heavy fermion and the α(i)1 , α
(i)
2 coefficients
derive from the interactions:
L ⊃ u¯(i)
[
α
(i)
1 (1 + γ5) + α
(i)
2 (1− γ5)
]
bH+ + h.c. . (B.3)
After the EWSB, we diagonalize the up-type quarks mass matrix of (A.9) and the
down-type one (A.10) perturbatively in x ≡
(
Y∗v√
2m∗
)
, neglecting O(x2). We find the
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following coefficients:
α
(T˜ )
1 = vY
2
∗ s1s2sbR
M2TM
3
T˜
+M2T ′M3T˜ −M5T˜ + cRM3TM2T ′c1
4MTMT˜ (M2T −M2T˜ )(−M2T ′ +M2T˜ )c1
α
(T˜ )
2 =
Y∗s1cR
2
√
2
α
(T )
1 =
Y∗s1s2sbRM2T ′
2
√
2c1(M2T ′ −M2T )
α
(T )
2 =
vY 2∗ s1
4
(
cRMT˜ + c1c2RMT
M2T −M2T˜
+ c1s
2
R
MT
)
α
(T ′)
1 = −
sbRY∗
2
√
2
α
(T ′)
2 =
Y 2∗ vs2
4
s21cRMB˜MT˜MTM
2
T ′ + s21c1c2RMB˜M2TM2T ′ + c1(M2T ′ −M2T˜ )
(
M3T ′cbR +M2T (s21s2RMB˜ − cbRMT ′)
)
c1MB˜MT ′(M2T ′ −M2T )(M2T ′ −M2T˜ )
(B.4)
the heavy fermion T2/3 gives a contribution of O(x2) to kcharged and we can neglect
it.
Considering the eq.(B.2) and the coefficients in (B.4), neglecting again O(x2) terms,
we obtain:
kcharged =
−mbM2WY 2∗
−15M2TMT ′M2T˜
√
1−s2
bR
+MB˜(15M
2
T ′M
2
T˜
s21s
2
R+M
2
T (11M
2
T ′s
2
1(−1+s2R)+M2T˜ (4s
2
bR
+15s21s
2
R)))
144MB˜M
2
T
M2
T ′M
2
T˜
and:
kcharged ≈ mbM2WY 2∗
5
48
1
MB′MB˜
+O(s21) +O(s2bR) , (B.5)
if we can neglect O(s21).
B.6 Ultraviolet contribution
We find in the TS5:
kneutral = −mbM2WY 2∗
1
8
(
cbR
MB′MB˜
− 718
s2bR
M2B′
)
= −mbM2WY 2∗
1
8
1
MB′MB˜
+O(s2bR)
kcharged =
−mbM2WY 2∗
−15M2TMT ′M2T˜
√
1−s2
bR
+MB˜(15M
2
T ′M
2
T˜
s21s
2
R+M
2
T (11M
2
T ′s
2
1(−1+s2R)+M2T˜ (4s
2
bR
+15s21s
2
R)))
144MB˜M
2
T
M2
T ′M
2
T˜
= mbM2WY 2∗
5
48
1
MB′MB˜
+O(s21) +O(s2bR)
and in the TS10:
kneutral = mbM2WY 2∗
7MTM2T ′s21 − 18MB˜M2B˜′
√
1− s21 +M2B˜(7MBs21 − 18MB˜′
√
1− s21)
288M2
B˜
MBM2B˜′
+O(sbR)
= −mbM2WY 2∗
1
16
(
1
MBMB˜
+ 1
MBMB˜′
)
+O(s21) +O(sbR)
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kcharged = mbM2WY 2∗
(
5
48
1
MBMB˜
+ 548
1
MBMB˜′
+ 596
s2R
M2B
)
+O(s21) +O(s2bR)
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